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In vertebrates the vast majority of the excitatory neurotransmission is mediated 
by glutamate receptors. Are they stand-alone molecules? How is their function regulated 
to ensure proper signaling for normal physiology and behavior? To address these 
questions I have undertaken combined molecular, genetic, electrophysiological and 
behavioral analyses centered on GLR-1 AMPA-class ionotropic glutamate receptor 
(iGluR), one of the major components of glutamate receptor signaling in simple 
nematode Caenorhabditis elegans. This dissertation describes my identification and 
characterization of two families of GLR-1 auxiliary subunits. 
By taking both reverse and forward genetic approaches I isolated STG-1 and 
STG-2, two TARPs (Transmembrane AMPA receptor Regulatory Proteins), as the 
essential set of obligate accessory proteins for worm GLR-1 AMPA receptors. I showed 
that the elimination of both STG-1 and STG-2 causes disruption of AMPAR-mediated 
synaptic currents and worm behavior despite normal surface expression and clustering of 
the receptors. By reconstituting AMPAR function in heterologous systems, I 
demonstrated that both STG-1 and STG-2 can functionally substitute for vertebrate 
TARPs to modify receptor function, indicative of their evolutionarily conserved role. In 
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addition, I also showed that STG-1 and STG-2 differentially alter the kinetics of C. 
elegans GLR-1 and vertebrate GluR1 (GluA1) receptors.  
By taking a forward genetic approach in a sensitized genetic background, I 
identified a CUB-domain protein – SOL-2 that contributes to the function of GLR-1 
AMPARs. I showed that the deletion of SOL-2 significantly reduces the 
AMPAR-mediated currents and elicits behavioral changes. I also demonstrated that 
SOL-2 is required to bind to and stabilize the extracellular part of SOL-1, a previously 
identified obligate auxiliary subunit of GLR-1, and this binding complex co-localizes 
with GLR-1. These data suggest that a protein complex containing CUB-domains has a 
scaffolding role and contributes to the function of AMPARs. 
Together, I identified two families of accessory proteins – TARPs and 
CUB-domain proteins that are required for the function of AMPARs, supporting the 
hypothesis that glutamate receptors exert their function by forming signaling complexes 
with auxiliary subunits instead of working alone.  
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To my family 
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Synapses and Receptors 
The nervous system enables us to perceive and react to the environment, and also 
allows for our mental activities, such as thinking, learning and memory. Its control and 
regulation of our behavior are based upon its communicative function as it sends and 
receives nerve impulses throughout our body. As a key step in neural activities, the 
transmission of impulses occurs through synapses, the highly specialized contacting points 
between two nerve cells (neurons). Through synapses, nerve cells signal to each other and 
to non-neuronal cells, such as muscle cells or gland cells. In our body trillions of such 
synapses integrate billions of neurons into organized neural networks (neural circuits) 
thereby making it possible to regulate complex behavioral and cognitive activities. 
There are two types of synapses in the nervous system, electrically coupled gap 
junctions and chemical synapses. Gap junctions are tightly coupled, bi-directional pores 
where electrical signals pass through, directly and fast (Bennett 2000). Chemical synapses 
are what we commonly refer to as “synapses.” Compared to gap junctions, cells across a 
chemical synapse are not tightly coupled, but separated by a small place called synaptic 
cleft. Moreover, the passage of signals at chemical synapses is unidirectional from 
presynaptic cell to postsynaptic cell, highlighting the structural and functional asymmetries 
between presynaptic and postsynaptic terminals. The presynaptic terminal contains 
synaptic vesicles that are gathered and docked near the plasma membrane. On the opposite 
side of the synaptic cleft, neurotransmitter receptors reside on the surface of the 
postsynaptic terminal. Underneath lies the postsynaptic density (PSD), an electron dense 
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region composed of many interlinked protein complexes. During a typical excitatory 
synaptic neurotransmission process, nerve impulses undergo an 
electrical-chemical-electrical change. The electrical activation (action potential) of the 
presynaptic cell causes synaptic vesicles to fuse with plasma membrane and therefore 
release their content, the neurotransmitters that are enclosed within synaptic vesicles. The 
neurotransmitters then diffuse across the synaptic cleft and bind to receptors on 
postsynaptic membrane, causing the activation of the receptors and the opening of ion 
channels. Cations then influx and depolarize (activate) the postsynaptic cell (or activate 
signaling cascades). The depolarization of the cell elicits the formation of action potentials, 
thereby starting a new cycle of electrical-chemical signal conversion and resuming the 
process of neurotransmission (Figure 1.1).  
Neurotransmitters are typically small chemicals, such as acetylcholine, glutamate, 
-aminobutyric acid (GABA), dopamine and serotonin. They activate two broad categories 
of receptors based on their structural and functional differences. Metabotropic receptors 
do not form ion channel pores but the binding of neurotransmitters induces intracellular 
signaling pathways that eventually activate indirectly linked ion channels. This process 
takes seconds or minutes. Alternatively, neurotransmitters activate ligand-gated ionotropic 
receptors by directly gating ion channels formed by receptors upon binding. This occurs in 
milliseconds or less. 
The activation of a receptor by its neurotransmitter results in either an “excitatory” 
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Figure 1.1 The neurotransmission at chemical synapses. The 
presynaptic terminal and postsynaptic terminal are separated by a 
synaptic cleft. In the presynaptic cell, the neurotransmitter is stored 
in synaptic vesicles. Upon the reaching of electrical signal (action 
potential), the synaptic vesicles fuse with plasma membrane and 
release neurotransmitters, which diffuse across the synaptic cleft and 
bind to receptors on the postsynaptic membrane. The binding causes 
the activation of receptors and the opening of ion channels. Ion flows 
in and the cell is depolarized, inducing the formation of action 
potential. 
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or “inhibitory” neurotransmission depending on the properties of the neurotransmitter and 
its receptor. Excitatory neurotransmission depolarizes the postsynaptic cell and therefore 
increases the probabilities to fire an action potential (as shown in Figure 1.1) whereas 
inhibitory transmission hyperpolarizes the cell and reduces its firing capability.  
In the vertebrate central nervous system (CNS), the majority of the excitatory 
neurotransmission is mediated through the ionotropic glutamate receptors (iGluRs). These 
receptors also play fundamental roles in synaptic plasticity, the underlying molecular 
mechanism of learning and memory (Asztely et al. 1996; Riedel et al. 2003). Due to their 
pivotal roles in excitatory neurotransmission, the misregulation or disruption of the normal 
signaling via iGluRs is implicated in a wide range of neuropathological and physiological 
disorders and diseases, such as epilepsy and brain damage, Parkinson’s and Alzheimer’s 
diseases, Huntington’s disease, amyotrophic lateral sclerosis, and therefore iGluRs become 
important drug targets for therapeutic purposes (Bleich et al. 2003). 
Structure and Function of Ionotropic Glutamate Receptor Subunits 
The mammalian ionotropic glutamate receptors are encoded by 18 genes and can 
be divided into three major subtypes based on their pharmacological properties and 
associated physiological functions (Figure 1.2, according to the new nomenclature 
developed by NC-IUPHAR (Collingridge et al. 2009)). NMDA receptors are the first 
subtype and can be selectively activated by the agonist NMDA (N-methyl D-aspartate). 
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Figure 1.2 The glutamate receptor subunits. Glutamate receptors are 
divided into ionotropic and metabotropic receptors. The ionotropic 
glutamate receptors are classified as 3 subtypes, the NMDA, 
non-NMDA and delta receptors. Non-NMDA class comprises 
AMPA-type and kainate-type receptors. The nematode C. elegans
has iGluR homologues that fall into almost each subtype, shown by 
italicized shaded blocks. 
1. 2    The Glutamate Receptor Subunits
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NMDARs are heteromers containing both GluN1 and GluN2 (GluN2A-D) and sometimes 
GluN3 (GluN3A and GluN3B). The second subtype are the non-NMDA receptors, 
including AMPA receptors and kainate receptors that are preferentially sensitive to AMPA 
(amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) and kainate respectively 
(Collingridge et al. 1989; Monaghan et al. 1989). AMPARs are assembled as homo- or 
hetero-tetramers that contain GluA1-4 subunits. Kainate receptors are also tetrameric 
channels assembled by GluK1-5. The third subtype are the orphan-type delta receptors, 
which show some sequence homology to AMPA/kainate receptors but appear not to form 
functional channels (Lomeli et al. 1993). GluD1 and GluD2 belong to this category.  
The iGluRs are highly conserved across the animal kingdom. The nematode C. 
elegans has at least 10 homologues in its genome (Brockie et al. 2001). Among them 
NMR-1 and NMR-2 are most similar to NMDA subunits and GLR-1 to GLR-8 show 
homology to non-NMDA subtypes. GLR-3 and GLR-6 bear similarities to kainate 
subtypes whereas the rest could be AMPA-type subunits (Figure 1.2). 
All the iGluR subunits share the same membrane topology and same modular 
domain organization (Figure 1.3). They are multipass membrane spanning proteins. Each 
subunit has an extracellular amino terminus and an intracellular carboxyl terminus. There 
are two extracellular domains. The first one is the amino-terminal domain (ATD), which is 
believed to be involved in protein-protein interactions, such as, the subunit 
oligomerization and perhaps the trafficking of the receptors (Leuschner et al. 1999; Ayalon 
et al. 2001; Qiu et al. 2009). The other one is the ligand binding domain (LBD), which is 
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Figure 1.3 Transmembrane topology and subunit stoichiometry of 
ionotropic glutamate receptor. (Top) Subunits of iGluRs are 
composed of an amino-terminal domain (ATD), followed by the S1 
domain, the first transmembrane domain (TM I), a re-entrant loop 
that lines the channel pore (TM II), and two other transmembrane 
domains (TM III and IV) separated by the S2 loop. The S1 and S2 
form the ligand binding domain (LBD). (Bottom) A functional 
iGluR channel is composed of four subunits and the pore of the 
channel is lined up by the re-entrant loops from all four subunits.
1. 3    Transmembrane Topology and Subunit Stoichiometry of Ionotropic Glutamate 
Receptors
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formed by the intertwined S1 and S2 domains. S1 domain follows the amino-terminal 
domain (ATD), whereas S2 domain lies between the last two transmembrane domains (TM 
III and IV). LBD is similar to the bacterial glutamine binding protein (QBP) (Hsiao et al. 
1996; Armstrong et al. 1998) and is involved in agonist binding and receptor kinetics 
(Stern-Bach et al. 1994; Stern-Bach et al. 1998). Crystallographic studies have revealed 
that S1 and S2 domains form two lobes separated by an agonist binding cleft (Paas 1998). 
The ion channel domain comprises three transmembrane domains (TM I, III and IV) and a 
re-entrant loop (TM II) that lines the inner pore. The intracellular carboxyl terminal 
domain has variable length depending on subunit subtype. The C-terminal tail is a target of 
post-translational modifications. For example, the phosphorylation of the intracellular tail 
of AMPARs is reported to be associated with activity-dependent receptor function 
(Dingledine et al. 1999; Boehm et al. 2005). The C-terminus is also involved in 
protein-protein interactions, most notably through the PDZ binding motifs of AMPARs 
that interacts with PDZ domains of postsynaptic density proteins, thereby regulating 
synaptic localization and forming supramolecular signaling complexes (Sheng et al. 1997).  
It is widely accepted that each glutamate receptor subunit co-assembles with other 
subunits from the same subtype group and functional tetrameric iGluRs are dimers of 
dimers (Ayalon et al. 2001; Mayer et al. 2001; Tichelaar et al. 2004). Recent 
crystallographic studies provide further support for the “dimers of dimers” stoichiometry 
of iGluRs. The 3.6Å resolution reveals an overall 2-fold symmetry of the rat tetrameric 
GluA2 receptors. The extracellular domains and the ion channel domain exhibit a 2-fold 
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and 4-fold symmetry respectively (Sobolevsky et al. 2009). However, deciphering the 
exact subunit composition of functional iGluR channels in vivo is still a daunting task 
considering that alternative splicing and RNA editing of receptor subunit would add extra 
diversity. Recently, Lu et al. quantitatively determined the AMPAR subunit composition in 
a part of the CNS using single-cell genetic approach combined with electrophysiology (Lu 
et al. 2009). 
Upon binding glutamate, non-NMDA receptors rapidly open an integral pore 
allowing the entry of monovalent cations K+ and Na+, and sometimes, the divalent cation 
Ca2+ when the GluA2 subunit is absent from the receptors. The permeability of Ca2+ is 
determined by a key neutral glutamine (Q) residue in the re-entrant loop (TMII) domain. In 
GluA2 this residue is replaced with a positively charged arginine (R) by RNA editing, 
which blocks the passage of Ca2+ (Sommer et al. 1991; Burnashev et al. 1992).  
Studies from Lurcher mice have revealed another key residue in TMIII that 
determines the opening state of 2 (GluD2) receptor (Zuo et al. 1997). The replacement of 
a highly conserved alanine (A) with threonine (T) in the SYTANLAAF motif (Figure 1.4) 
causes constitutively open (leaky) channels and the apoptotic death of Purkinje cells in the 
cerebellum, leading to gait abnormality from which the name “lurcher” is derived. In the 
line with a rapid opening of the pore, non-NMDA receptors also show fast desensitization 
in the continued presence of glutamate, consistent with its physiological role – the 
mediation of fast excitatory neurotransmission. Compared to non-NMDA receptors, 
NMDA receptors show marked differences in kinetics and ion permeability. First, both 
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Figure 1.4 A highly conserved alanine (A) in the SYTANLAAF motif 
of TM III. A/T site marks the dominant mutation that was introduced 
into the transgenic worms used in genetic screens in Chapter 2 and 
3. 
1. 4    A Highly Conserved Alanine (A) in the 
SYTANLAAF Motif of TM III 
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glutamate and its coagonist, glycine or D-serine, must bind to open the pore of the channel 
(Johnson et al. 1987; Benveniste et al. 1991; Mothet et al. 2000). Most importantly, NMDA 
receptors are highly permeable to Ca2+ but are blocked by extracellular Mg2+ and their 
activation requires depolarization of the postsynaptic cell to remove the voltage-dependent 
Mg2+ blockade from the pore (Mayer et al. 1984; Nowak et al. 1984; Jahr et al. 1990). Thus, 
in order to activate NMDA receptors the binding of agonists and the depolarization of 
membrane must coincide in time, suggestive of a potential role as a molecular coincidence 
detector for glutamate release and depolarization, and therefore a key in understanding 
long term potentiation and depression (Bliss et al. 1993). This unique feature inspires 
numerous studies aimed at the elucidation of the molecular and cellular mechanisms of 
learning and memory. Additionally, both the activation and desensitization of NMDA 
receptors are much slower compared to those of non-NMDA receptors (Trussell et al. 
1989). Therefore, NMDA receptors might mediate the slow and long-lasting components 
of the excitatory currents (Lester et al. 1990). 
Regulation of Ionotropic Glutamate Receptors 
Before nascent iGluRs become activated in response to their agonists under 
physiological conditions, they need to be assembled in combinations of subunits, trafficked 
to specific cytosolic compartments, inserted into postsynaptic membrane and clustered by 
associating with postsynaptic proteins. On each of these steps the function of iGluRs must 
be properly regulated. Moreover, additional fine-tuning of iGluR function comes from 
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activity-dependent modifications and modulations. 
The intrinsic subunit properties and the composition of subunits are the major 
determinants of iGluR function. Introduction of posttranscriptional and posttranslational 
modifications to iGluR subunits can significantly change iGluR function and therefore, 
alter synaptic transmission. Alternative splicing and RNA editing are the major forms of 
RNA modifications that regulate iGluRs. Alternative splicing generates “flip” and “flop” 
forms of AMPARs, with nine different residues in S2 loop preceding TM III (Sommer et al. 
1990). These splicing variants show distinct channel kinetics and their expression is 
developmentally regulated (Monyer et al. 1991). Numerous other splicing variants of 
iGluRs are also reported (Dingledine et al. 1999). In addition to alternative splicing, RNA 
editing leads to more molecular diversity. Q/R editing dramatically changes Ca2+
permeability, channel conductance and other channel properties of GluR2 
(GluA2)-containing AMPARs (Hume et al. 1991; Swanson et al. 1996). Q/R editing also 
takes place in GluR5 (GluK1) and GluR6 (GluK2). Furthermore, R/G editing of GluR2-4 
(GluA2-4) is reported to accelerate recovery from desensitization (Lomeli et al. 1994). 
RNA editing is also found in GluR5-7 (GluK1-3) kainate receptors (Kohler et al. 1993; 
Nutt et al. 1994).  
In addition to RNA-processing events, posttranslational modifications are also 
important mechanisms for regulating iGluR function. Phosphokinases, such as PKA, PKC, 
CaMKII and other unidentified kinases potentiate glutamate receptor function and thereby 
synaptic transmission whereas phosphotase calcineurin removes phosphate residues and 
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inhibits receptor function (Dingledine et al. 1999). The phosphorylation and 
dephosphorylation events occur on serine/threonine, or tyrosine residues in some cases. In 
addition, glycosylation also regulates several properties of glutamate receptor channels 
(Dingledine et al. 1999). 
Protein-protein interaction is another important way to regulate iGluR function. 
Multiple families of proteins are involved in the proper localization and function of iGluRs, 
among which PDZ (PSD-95, Discs large, ZO-1) domain containing protein have been 
intensively characterized. PDZ domains are comprised of approximately 90 amino acids 
that bind to the C-terminal S/T-X-V/I or F/Y-X-V motif of target proteins (Songyang et al. 
1997). PDZ domain proteins associate with other postsynaptic proteins including iGluRs 
via their PDZ domains and other structural domains, thereby forming multiple-domain 
scaffolds and multiple-protein complexes, localizing synaptic proteins and mediating 
signaling cascades (Kim et al. 2004). At glutamatergic synapses, PDZ domain proteins, 
including PICKI (Protein Interacting with C Kinase I), PSD-95(Post-Synaptic Density-95) 
family proteins, GRIP (Glutamate Receptor Interacting Protein) and ABP (AMPAR 
Binding Protein), interact directly with the conserved C-terminal PDZ domain-binding 
motifs of iGluRs.  
A number of PSD-95 family proteins, including PSD-95 (also known as SAP90, 
Synapse-Associated Protein 90), PSD-93 and SAP102, directly bind to the NR2 (GluN2) 
subunit of NMDA receptors and regulate their localization and function (Kornau et al. 
1995; Sheng et al. 1997; Kim et al. 2004). The direct association of PSD-95 family proteins 
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and NMDAR C-termini is found in several in vitro and in vivo experiments (Kornau et al. 
1995; Lau et al. 1996; Muller et al. 1996; Niethammer et al. 1996). In heterologous cells 
PSD-95 can cluster NR2 (GluN2) subunits (Kim et al. 1995). In mutant mice lacking 
PSD-95 impaired learning was observed, similar to NMDAR knockout animals (Migaud et 
al. 1998).The C-terminus of NMDARs is also essential for localization and function (Kim 
et al. 1995; Mori et al. 1998; Steigerwald et al. 2000).  
In addition to PDZ domain proteins, iGluRs bind to a variety of other 
cytoskeletal, scaffolding, adaptor, anchoring, structural, and signaling proteins mainly via 
their intracellular C-terminal tails. In particular, several receptor subunits can bind 
directly to signaling proteins. For example, NMDA receptor subunits bind to 
Ca2+/calmodulin-dependent protein kinase (CaMK) II (Gardoni et al. 1998; Strack et al. 
1998; Leonard et al. 1999; Leonard et al. 2002).  
Together, the interactions between iGluR subunits and regulatory proteins allow 
for fine-tuning of receptor function with temporal and spatial specificity. 
Auxiliary Subunits for iGluRs 
In addition to PDZ scaffolding, signaling and other regulatory proteins in 
postsynaptic density, specific families of auxiliary integral proteins have been found to 
modulate the expression and function of iGluRs. These proteins include, but are not 
limited to, TARPs, CUB-domain containing Neto proteins and perhaps cornichon-like 
proteins. 
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The first family of auxiliary proteins for iGluRs is TARP (Transmembrane AMPA 
Receptor Regulatory Protein). The archetypal TARP, stargazin, was isolated from 
stargazer (stg) mutant mice that are ataxic and epileptic (Letts et al. 1998). Stargazin 
encodes a 38kD protein and shares homology with nonpore forming, skeletal muscle 
L-type Ca2+ channel-1 subunit, and therefore was named -2. It was reported to affect 
Ca2+ channel currents in vitro and therefore was thought to be part of Ca2+ channel (Letts et 
al. 1998). Later studies, however, identified stargazin as an essential regulator of AMPA 
receptor synaptic expression (Chen et al. 2000). The calcium currents and 
NMDA-mediated currents are normal in stg/stg cerebellar granule cells but AMPA receptor 
currents are impaired, indicating that stargazin’s function is specific to AMPARs (Chen et 
al. 1999; Hashimoto et al. 1999; Chen et al. 2000). Also, stargazin associates with both 
AMPA receptors and PSD-95. Wild-type stargazin but not the C-terminal truncated version 
(in which PDZ domain binding motif is deleted), rescues the synaptic AMPAR current, 
indicating that its PDZ domain binding motif is essential for function. However, the 
truncated stargazin rescues extrasynaptic AMPAR responses. Based on these data, 
stargazin is proposed to have two distinct roles. First, stargazin delivers AMPARs to the 
membrane surface, a role that does not require its PDZ domain binding motif. Second, 
stargazin moves AMPARs to correct synaptic zones, and this step is dependent on the 
binding of its C-terminus with postsynaptic density proteins (Chen et al. 2000).  
TARPs are four-pass transmembrane proteins with cytosolic N and C termini. 
Other canonical class I TARP family members comprise -3, -4 and -8 (Tomita 2010). 
17 
They are expressed differentially in all brain regions and also mediate surface expression 
of AMPARs (Tomita et al. 2003). Stargazin is mainly expressed in cortex, midbrain, 
hippocampus, pons, cerebellum and thalamus, whereas -3, -4 and -8 are expressed in 
cerebral cortex, olfactory bulb and hippocampus, respectively (Letts et al. 1998; Sharp et al. 
2001; Moss et al. 2003; Tomita et al. 2003). Atypical isoforms -5 and -7 (class II) also act 
as TARPs and are expressed in many brain regions but display distinct physiological 
features compared to other TARP isoforms (Kato et al. 2007; Soto et al. 2009; Tomita 
2010).  
In addition to targeting AMPARs to synapses, TARPs can modify AMPAR 
channel properties in several ways: slowing desensitization and deactivation, increasing 
open probabilities, modulating gating, reducing polyamine block, enhancing kainate 
efficacy and changing agonist and antagonist pharmacology of AMPARs (Priel et al. 2005; 
Tomita et al. 2005; Turetsky et al. 2005; Tomita et al. 2006; Kott et al. 2007; Menuz et al. 
2007; Milstein et al. 2007; Soto et al. 2007). Class I isoforms exhibit overall redundant but 
slightly different modulatory effects, whereas class II isoforms appear to have more 
specialized and distinct functions. The isoform -7 resembles canonical TARPs in some 
functions such as receptor trafficking and modifying kinetics, but -7 differentially 
modulates the pharmacology of AMPARs for glutamate and kainate, and only partially 
restores functional AMPARs on stargazer cerebellar granule cells (Kato et al. 2007). 
Furthermore, -7 binds to an mRNA-binding protein hnRNP A2 (heterogeneous nuclear 
ribonucleoprotein A2) and controls CaV2.2 mRNA stability (Ferron et al. 2008). -5 was 
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initially thought not to be a TARP since it cannot increase AMPAR currents in cerebellar 
granule cells or heterologous cells (Kato et al. 2007) and does not regulate receptor 
trafficking or gating (Tomita et al. 2003). However, -5 still regulates AMPARs, but in 
specific combinations and in different mechanisms. -5 specifically modulates the function 
of GluR2-containing AMPARs by increasing peak currents and decreasing steady-state 
currents, increasing deactivation and desensitization rates, and decreasing glutamate 
potency (Kato et al. 2008). Also, -5 was found to selectively regulate long-form 
calcium-permeable AMPA receptors in Bergmann glia (Soto et al. 2009). 
TARPs have evolutionarily conserved roles. Functional homologues have been 
identified from C. elegans, Drosophila and Apis mellifera and they all act as modulators of 
AMPAR functional properties (Walker et al. 2006; Walker et al. 2006; Wang et al. 2008). In 
particular, two worm TARP homologues STG-1 and STG-2 are essential for AMPAR 
mediated currents and related function (Chapter 2) (Wang et al. 2008).  
TARPs are the first known family of auxiliary subunits for iGluR ion channels. 
Since the discovery of TARPs it has been widely accepted that iGluRs are not “stand-alone” 
molecules but instead require auxiliary subunits for their function. This has promoted the 
search and discovery of other iGluR auxiliary subunits.  
In 2009 a novel family of cornichon-like proteins was reported to be AMPAR 
auxiliary subunits (Schwenk et al. 2009). Cornichon proteins are three pass transmembrane 
proteins with an intracellular N-terminus and an extracellular C-terminus. In Drosophila, 
cornichon is required for establishing both anterior-posterior and dorso-ventral polarity in 
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embryos by acting as cargo receptor for ER export of the TGF-like growth factor Gurken 
(Roth et al. 1995; Bokel et al. 2006). In yeast, the cornichon-related protein Erv14 is 
required for the ER export of most transmembrane proteins (Castillon et al. 2009). 
Similarly, the mammalian cornichon homologues also facilitate the transport and secretion 
of cargo from the ER (Castro et al. 2007; Hoshino et al. 2007).  
Schwenk et al identified cornichon-like proteins, CNIH-2 and CNIH-3, as tightly 
associated AMPAR-interacting proteins from rat brain using proteomic approaches 
(Schwenk et al. 2009). These proteins, like TARPs, bind robustly with AMPARs and are 
widely expressed in many brain regions. They also regulate the trafficking and function of  
AMPARs. CNIH-2 and CNIH-3 increase the surface expression of AMPARs, consistent 
with the conserved function of their homologues and showing a similar role to TARPs in 
trafficking of AMPARs. Furthermore, cornichon-like proteins and TARPs both increase 
the total charge transfer through AMPARs by slowing the desensitization and deactivation 
kinetics of the channels.  
Additional features distinguish TARPs from Cornichons. First of all, their 
membrane topology and structural domains are different, suggestive of different functions. 
For example, TARPs have C-terminal PDZ-binding motifs that bind to PDZ proteins, while 
CNIH-2 and CNIH-3 do not. Second, CNIH-2 and CNIH-3 are absent in cerebellar granule 
cells where stargazin is expressed and required for the trafficking and function of AMPARs. 
Third, it appears that more AMPARs associate with CNIH-2 and CNIH-3(70%) than 
TARPs (30%), implicating the presence of distinct CNIH- and TARP-associated AMPAR 
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pools during trafficking and on the membrane surface, and the potential functional 
differences between these pools. Moreover, CNIH-2 and CNIH-3 have a bigger effect on 
slowing desensitization and deactivation of AMPAR channel kinetics than TARPs 
(Jackson et al. 2009; Schwenk et al. 2009; Tigaret et al. 2009).  
However, further comparative studies showed that although cornichon-like 
proteins mimic some of the functions of TARPs in heterologous cells, they are not detected 
on the surface of the neurons and they fail to change the kinetics of endogenous AMPARs, 
more consistent with their classical roles as endoplasmic reticulum (ER) chaperons (Shi et 
al. 2010). Thus, CNIHs are probably not bona-fide AMPAR auxiliary subunits, but 
instead, only temporarily associated with AMPARs before ER exit. 
In addition to TARPs and cornichon-like proteins, there is a third family of iGluR 
auxiliary proteins: CUB-domain containing proteins. This family includes the recently 
identified Neto1 (Neuropilin and tolloid like-1) and Neto2, auxiliary subunits for 
mammalian NMDA and kainate iGluRs (Ng et al. 2009; Zhang et al. 2009). CUB-domains 
are found in and named after complement subcomponent C1r/C1s, sea urchin protein Uegf, 
and bone morphogenetic protein BMP-1. They are conserved fragments composed of 
approximately 110 residues, topologically forming a “jellyroll” by 10 -strands (Bork et al. 
1993; Romero et al. 1997). CUB-domains mediate protein-protein interactions and exist in 
the extracellular parts of a broad spectrum of proteins, including receptors and co-receptors 
such as cubulin and neuropilin, metalloproteases such as BMP1 and tolloid, and adhesion 
molecules such as spermadhesin (Bork et al. 1993; Varela et al. 1997; Gregory et al. 2003).  
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Neto1 and Neto2 cDNA were isolated from mammalian retina and brain (Stohr et 
al. 2002). These genes encode putative single pass transmembrane proteins with two 
extracellular CUB-domains and one LDLa domain (Low-Density Lipoprotein class A 
domain). Michishita et al also isolated these genes using a signal sequence trap method, 
and named them as BTCL1 (Brain-specific Transmembrane protein containing CUB and 
LDLa domains 1) and BTCL2 (Michishita et al. 2003; Michishita et al. 2004). Sequence 
analyses indicated that the CUB-domains of BTCLs share significant homology with those 
of neuropilin-1 and neuropilin-2. Also, their expression was found to be restricted to brain 
region, suggesting that they are involved in neural activities. Their exact function, however, 
remained elusive until they were recently found to interact with NMDARs and kainate 
receptors and be required for receptor function (Ng et al. 2009; Zhang et al. 2009). Ng et al 
showed that Neto1 interacts with NR2A subunit of NMDAR and regulates the abundance 
of NR2A-containing NMDARs. At the behavioral level loss of Neto1 causes depressed 
long-term potentiation (LTP) and defective spatial learning and memory, indicating that 
Neto1 is a novel auxiliary subunit of the NMDAR signaling complex (Ng et al. 2009). 
Zhang et al established Neto2 as an accessory subunit for kainate receptors. They identified 
Neto2 as a kainate receptor interacting protein in a proteomic screen and found that the 
Neto2 surface expression is subject to regulation by kainate receptors. Additionally, 
kainate receptor channel properties, including decay kinetics, open probability, miniature 
excitatory postsynaptic currents (mEPSCs), and agonist efficacy, but interestingly, not 
surface expression of kainate receptors, are regulated by Neto2 (Zhang et al. 2009). 
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Interestingly, a C. elegans CUB-domain protein SOL-1 has been identified as an 
auxiliary subunit for GLR-1 glutamate receptors (Zheng et al. 2004), and another worm 
CUB-domain protein LEV-10 has been found to regulate the clustering of a subclass of 
acetylcholine receptors (Gally et al. 2004; Gendrel et al. 2009), strongly supporting an 
evolutionarily conserved role for CUB-domain-containing proteins to function as 
modulatory subunits of ionotropic receptors. In support of this, we recently identified 
another CUB-domain containing protein SOL-2, a Neto homologue, in C. elegans as an 
accessory subunit for AMPARs (Chapter 3). 
In recent years, extensive efforts have been made to identify novel auxiliary 
subunits for AMPARs that play essential roles in fast synaptic transmission. In one study, 
SynDIG1 (Synapse Differentiation Induced Gene 1), a type II transmembrane protein that 
interact with AMPARs, was isolated from a DNA microarray based screen (Kalashnikova 
et al. 2010). In this study it was reported that SynDIG1 associates with AMPARs and 
regulates receptor levels in an activity-dependent manner (Kalashnikova et al. 2010). 
From a proteomic screen, another group identified a type I transmembrane protein – 
CKAMP44 (Cystine-Knot AMPAR Modulating Protein 44) as an AMPAR-interacting 
protein (von Engelhardt et al. 2010). CKAMP44 reduces AMPAR-mediated steady state 
currents, and interestingly, in contrast to other known auxiliary subunits, it alters the 
kinetics of AMPARs by enhancing desensitization and slowing recovery from 
desensitization. CKAMP44 also decreases the paired-pulse ratio of AMPA currents and 
thus negatively modulates short-term-plasticity at specific excitatory synapses (von 
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Engelhardt et al. 2010).  
C. elegans Neural Circuits, iGluRs and Associated Behavior 
The human brain is a huge neural network composed of about 100 billion neurons 
and at least a quadrillion synapses. The complexity of our brain gives us the ability to 
process an astronomic amount of information and carry on complex activities and behavior 
such as learning, memory and other cognitive activities. However, the complexity also 
brings daunting difficulties to the study of nervous system function. In this case, it is 
necessary to use simpler model organisms to better the understanding of molecular, cellular 
and circuit mechanisms underlying behavior. Invertebrate model animals, such as Aplysia
(Dale et al. 1993; Frost et al. 1995; Kandel 2001), leech (Lockery et al. 1993; Lockery et al. 
1993), lamprey (Grillner et al. 1995; Grillner et al. 1998) and lobster (Selverston et al. 
1998), have allowed for the identification of cellular components and neural circuits that 
contribute to specific forms of simple behaviors, and learning and memory. In spite of the 
success in identifying the cellular mechanisms and neural circuitries, the molecular 
components that define behavior remain largely unexplored. In this case, the behaviorally 
and genetically tractable classical model systems, such as Drosophila melanogaster and 
Caenorhabditis elegans, show their great advantages in identifying evolutionarily 
conserved genes that are involved in behavior.  
C. elegans has been used as model animals for more than 30 years (Brenner 1974; 
Sulston et al. 1974). This soil nematode has almost all the rudiments of the physiological 
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systems, including the nervous system that is found in higher animals. But more than that, 
it offers many advantages for a better understanding of nervous system function. First, its 
nervous system is very simple. It comprises only 302 neurons but still enables relatively 
complicated behavior (Bargmann et al. 1998). In addition, the synaptic connections 
between these neurons have been completely mapped based on electron microscopic serial 
sections (White et al. 1986). Second, the cell lineage of C. elegans has been completely 
defined based upon the fact that cell number and cell position are invariant between 
individual worms. This has enabled the precise tracking of the origin and migration of 
neurons (Sulston et al. 1988). Third, C. elegans was the first completely-sequenced 
eukaryote genome. Moreover, it was annotated with numerous genetic perturbations 
useful for classical genetics. Finally, the simple anatomy and transparent body of worms 
provide easy in vivo imaging and easy access to physical manipulations. In particular, 
individual neurons are physiologically identifiable and easily accessible, making it 
possible to dissect the cuticle open and patch a specific neuron to study its 
electrophysiological properties (Goodman et al. 1998). 
The cellular components of a number of worm neural circuits that control specific 
behavior have been deciphered. Worms exhibit stereotypical locomotory pattern under 
laboratory conditions. They mainly move forward but occasionally reverse their direction 
of movement briefly. This characteristic coordinated locomotory pattern with alternating 
forward and backward movements is important for a worm to search for food. In response 
to changes in environmental cues worms, however, alter their locomotory pattern. Both 
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coordinated and avoidance locomotory patterns are controlled by the locomotory control 
circuit, first defined by Chalfie and coworkers through laser ablation of specific neurons 
(Chalfie et al. 1985). The locomotory control circuit is composed of three groups/levels of 
neurons – the sensory neurons ALM, AVM, ASH and PLM that sense extrinsic signals 
such as mechanical, thermal and chemical stimuli, the command interneurons AVA, AVB, 
AVD, AVE and PVC that integrate, process and relay signals, and the motor neurons that 
control muscles to drive or alter movements. The locomotion control circuit can be divided 
into two halves – the forward part where interneurons AVB and PVC initiate forward 
movement, and the backward part that interneurons AVA, AVD and AVE drive backward 
movement (Figure 1.5). 
A worm adjusts its locomotion when receiving altered sensory inputs, such as 
changes in tactile, chemical and thermal stimuli. In particular, when aversive stimulation is 
detected, avoidance responses, referring to abrupt changes in direction of movement are 
initiated (Bargmann et al. 1990; Kaplan et al. 1993; Wicks et al. 1995). Avoidance behavior 
in response to light nose touch, noxious chemicals and high osmolarity requires the 
polymodal sensory neuron ASH. Killing of ASH neuron leads to the elimination of both 
chemosensory and mechanosensory avoidance responses (Kaplan et al. 1993). 
Genetic analyses have revealed that glutamate signaling is required for ASH 
mediated avoidance responses. The loss of eat-4 gene, which encodes a vesicular 
glutamate transporter, causes the same phenotype seen in ASH-ablated worms (Lee et al. 
1999). This suggests that ASH uses glutamate as neurotransmitter to pass the sensory 
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Figure 1.5 The neuronal circuit that controls locomotion in C. 
elegans (Modified from (Zheng et al. 1999)). Sensory neurons 
including ASH send signals to command interneurons after receiving 
sensory input. Command interneurons AVA, AVD/E, AVB, and PVC 
process the signals and send information to motor neurons to initiate 
forward or backward movements. Arrow heads and bars represent 
chemical synapses and gap junctions, respectively. GLR-1AMPA 
receptor and its accessory subunits SOL-1, STG-1 and STG-2 
(Chapter 2), and SOL-2 (Chapter 3) are expressed in command 
interneurons. 
1. 5    The Neuronal Circuit that Controls Locomotion in C. elegans
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signals to command interneurons. In line with this hypothesis, mutations in glr-1 gene, 
which encodes a non-NMDA glutamate receptor subunit, also lead to the loss of nose touch 
avoidance behavior (Hart et al. 1995; Maricq et al. 1995).  
The phenotypical changes in C. elegans locomotory pattern, such as, the changes 
in average forward movement duration (reversal frequency), nose touch and osmotic 
avoidance behavior, are extensively used in the studies presented in this dissertation to 
isolate the gene products that are required for GLR-1 AMPAR function and to evaluate the 
defective or restored behavior in mutant or rescued worms (Chapter 2 and 3). 
Significance of the Research 
The aim of this study was to understand what synaptic components are required 
for the function of glutamate receptors and how receptor function is regulated. To address 
this, I took advantage of the well-characterized specific glutamatergic behavior of the 
nematode C. elegans, and used powerful genetic tools to identify the accessory proteins 
that are indispensible for GLR-1 AMPAR function and associated behavior. 
In vertebrate, there are at least 6 TARP isoforms that appear to function 
redundantly as AMPAR auxiliary subunits, which greatly complicates and limits the 
study of TARP’s regulatory roles in AMPAR function, synaptic transmission and behavior. 
These difficulties were overcome in my study by a combined use of both reverse and 
forward genetics in C. elegans. I mutated and isolated STG-1 and STG-2, two worm 
TARPs. I showed that the disruption of both STG-1 and STG-2 eliminates AMPAR 
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mediated currents and related behavior. This is the first report of a complete knock out of 
the essential set of TARPs in any genome. Furthermore, this study also showed that both 
STG-1 and STG-2 can functionally replace vertebrate TARPs to modify receptor function, 
indicating an evolutionarily conserved role for TARPs. Finally, I pointed out one 
important difference between vertebrate TARPs and STG-1 and STG-2. Unlike vertebrate 
TARPs, STG-1 and STG-2 do not appear to be essential for GLR-1 AMPAR trafficking 
and surface expression. 
From another genetic screen, I identified SOL-2, a type I transmembrane protein 
containing two extracelluar CUB-domains and one LDLa domain, different than 
previously identified SOL-1 protein that contains four extracellular CUB-domains and 
regulates GLR-1 gating and desensitization (Zheng et al. 2004; Walker et al. 2006; 
Walker et al. 2006; Zheng et al. 2006). In this study I showed that SOL-2 contributes to 
GLR-1 currents and behavior and co-localizes and physically associates with SOL-1 and 
GLR-1. More importantly, I demonstrated that SOL-2 is essential for the synaptic 
localization and neuronal function of the extracellular domain of SOL-1. Taken together, 
these results indicate that SOL-2 is required for organizing and stabilizing glutamate 
receptor signaling complexes and therefore qualified as an accessory subunit for GLR-1 
AMPARs. Thus, this study unveiled an important organizer and scaffold of glutamate 
receptor signaling complexes. It also implies that the number of functional iGluRs is 
regulated by the interactions between CUB-domain proteins, thereby providing a novel 
mechanism for the regulation of iGluR function. 
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CHAPTER 2 
EVOLUTIONARY CONSERVED ROLE FOR TARPS IN THE 
GATING OF GLUTAMATE RECEPTORS 
AND TUNING OF SYNAPTIC 
FUNCTION 
The following chapter has been reprinted with permission from Cell Press: Wang, R., 
Walker, C.S., Brockie, P.J., Francis, M.M., Mellem, J.E., Madsen, D.M., and  
Maricq, A.V. (2008) Evolutionary Conserved Role for TARPs 
 in the Gating of Glutamate Receptors and Tuning  
of Synaptic Function. Neuron 59, 997-1008
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Neurotransmission in the brain is critically dependent 
on excitatory synaptic signaling mediated by AMPA-
class ionotropic glutamate receptors (AMPARs). 
AM PARs are known to be associat ed with Trans-
membrane AMPA receptor Regulatory Proteins 
(TARPs). In vertebrates, at least four TARPs appear 
to have redundant roles as obligate chaperones for 
AMPARs, thus greally complicating analysis o f 
TARP participation in synaptic function. We have 
overcome this limitation by ideotifying and mutating 
the essential set o f TARPs in C. elegans (STG- l and 
STG-2). ln TARP mutants, AM PAR-mediated currents 
and worm behaviors are selectively disrupted despite 
apparently normal surface expression and clustering 
of the receptors. Reconstitution experiment s indicate 
that both STG-l and STG-2 can func tionally substi-
tute for vertebrate TARPs to modify receptor func-
tion. Thus, we show that TARPs are obligate auxiliary 
s ubunits for AMPARs with a primary, evo lutionarily 
conserved functional role in the modification o f 
current kinetics. 
INTRODUCTION 
Members of lhe TARP family are latraspanning transmembrane 
proteins associated w~h AMPA-type glutamata raceptOtS 
(AMPAAs). In mice, the surface delivery 01 AMPAAs in cerebellar 
granule cells is dependent on y-2. a lso known as st8l"gazin (Chen 
et aI., 20(0). the founding member of the TAAP lamily. ThIl5. in 
stargazer mutants, no AMPA-mediated current can be evoked 
In cerebellar granole cells (Chen et aI .• 2000: Hashimoto el al.. 
1999). Glutamate-gated currents etsewl\efe in the mouse brain 
do not app081" to be disrupled by the stargazer mutation. pt"e-
wmably because of the over1apping neuronal expressioo 01 
muHipIe redundantly acling TAAPs. Inrtiatly. four proteins (y-2, 
y-3. y_4. and y·8) were class~ied as TARPs based on sequence 
similaoity and functional characterislics (Tomita et al .. 2003). 
Recently. however. y-7. a prOlein previously shown to inhibit 
the expt"ession 01 calc"'m channels. was also found 10 have 
TARP-like funetion (Kato et al.. 20(7), indicating that seqoence 
identity alone is not s.ulflCient to ptedict whether a tetraspanning 
protein functions as a TAAP. 
In vi\)"o experiments have revealed muHiple .oIes for stargazin 
In vertebrates. First. slargazln serves as an obijgate chaperone 
lor AMPAAs. In the absence of stargazin. AMPARs are retained 
in the endoplasmic retieulom and are not expt"essed on the cell 
Mace (Chen at al.. 2000). Second. stargazin Is required for 
AMPAR localization to the synapse. AMPARs that life coex-
pt"essed w~h a stargazin that tacks a consensus PDZ domain 
binding motif are expressed on the cell surface but are not c:oIo-
calized wilh the synaptic scaffolding protein PSD·95 (Schnell 
et al .. 2002). More recent experirner1t$ have shown that stargazin 
changes ligand elfteacy (Tom~a et al .. 2006) and .ates of recep-
tor deactivation and desens~iulion (Priel at al .. 2005; Tom~a 
et al., 2005; TUfeISky et al .. 2005: Yamazaki at al .. 20(4). Much 
less is known aboul the In vivo contoibution of TARPs 10 receptor 
function and synaptic signaling. Mice w~h a deletion mutation in 
the gene that encodes the y-8 TAAP have a relative decrease 
In extrasynaplic compared to synaptic AMPARs and a decrease 
in total AMPAA protein (Rooach et al .. 20(5). 
Previous in vitro reconStitution experiments SlJ99I!"Sted that 
AMPARs function nearty Independently of TARPs; however. 
more recent studies indicate that AMPAR5 are directly associ-
ated w~ha TAAP (Batset al .. 2007: Nakagawaet aI .• 2005: Tom~a 
at al.. 2004: Watker et al .. 2006a). tnterestingly. one model sug-
gestS that glutamate binding causes the dissociation of the re-
ceptor wom stargazin (Tom~a at al .. 20(4). The receptor is then 
thought to be &ndocytosed after ~s diffusion to pensynaptic sites 
(Bats et ai, 20(7). Thos. two populations of functional AMPAAs. 
one bound to TARPs, are hypothesized to coexist at the synapse. 
On the other hand. two studies suggest that all surlace AMPARs 
8I"ebound to TARPs (Batset aI .. 2007; Nakagawaet al .. 20(5). In 
contrast to the weaHh of in v~.o data, the in vivo contoibulions of 
TARPs to AMPAR function have beef1 ditficu~ 10 assess due to 
their role as eilherobligata chaperonesortheireffects onAMPAA 
number and distribution. Furthermore. in vivo analysis 01 TAAP 
Ionction In mice is greatly complicaled by the large number of 
TAAPs and their widespread disloibution and apparent redundant 
fonction (Kato at al .. 2007; Tomita et al .. 2003). 
In~la l efforts to identily TARP homoIogs In inVef1ebrates were 
onsoccessful!eading to the specuiation that TAAPs might have 
roles specialized for the cornplex~ies 01 AMPAA trafficking and 
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plasticity at vertebrata synapses (Vandenberghe III al .. 20(5). 
However. we recen!1y idenlified slargazin-like proteins from 
C. elllgans. Drosophila. and Apis me/lif\Ira (Walkllf III al .• 2006aj. 
Allhough distantly related, C. elegan5 STG-' and vertebrate star-
gazin haVf! conserved function: in reconstitution expetiments. 
STG-l and stargazin can act reciprocally to enhance vertebrate 
and C. eIIIgans AMPAA-mediatecl currents. Invertebrata TAAPs 
appear specifically required /Of AMPAR function. For example. 
while no glulamate-gated current can be recorded from Xenopus 
oocyIes that upress either the ~ GIuRtA or C. elegans 
GLR-l AMPAR subun its, large clKfents can be recorded when 
the receptors are COIIxpressed w~h invertebrate TARP proteins 
(Walker III al.. 2006aj. These TARP-dependenl glutamatll-9ated 
currents are not associated w~h increases in receptor surface 
expression. suggesting that the prrnary role 01 invertebrate 
TARPs is 10 promote receptor function. 
In C. e/egans, the AMPAR subun~s GLR- ' and GLR-2 (Hart 
el al .• 1995: MancQ III al.. 1995: Mellem el al .• 20(2). together 
with the AMPAA auxiliary subun~ SOLo' (Zhang et al .• 20(4). 
mediate avoidance re$pOfl$(!S to tactile and osmotic slmuli. 
Furthermore. mutalfng glr-1. gIr-2. or sol-I disrupts 9~tamate­
gated currents in vivo (MaUem al a1 .. 2002: Zhong et al .• 20(4). 
Reoons~tution of glutamate-galed Current in oocyIes is ctepen-
derll Ort COllXpreSSiort oIlhree gene products: GLR-I. SOL-I. 
and STG-I (Walker III al .• 2006a). suggesling that SOL-I and 
STG- ' . which are COIIxpressed w~h GlR·I in tna c. e/egans 
nef\/OUS system, function as AMPAR auxiliary proteins (Walker 
et al .• 2006a. 2006b). 
Here. we use a genetic approach to lest the reQuirement for 
STG-l in GLR-l'mediated avoidance beIlaviors and currents. 
To OUr surprise. generating a deleliOrt mutation in slg·1 did not 
cause appreciable beIlavioral or eleclrophysiological pheno-
types. However. by conducting a forward genetic S(:rll\ll1 for 
mutatiorts that act synthetically w~h mutations in the slg-1 
gene. we idenlij;oo a second gene (5tg-2) that encodes a PI&-
dicted TARP-like protein. GLR- ' -mediated avoidance beIlavior"$ 
are complelely disrupted in slg·l: 51g·2 double mutants. and 
GLR-l -mediated currenls are absent. despite apparently normal 
surface expression of GLR- ' . We also tested the function of ver-
tebrate AMPARs expressed in transgertic worms and found thaI 
vertebrale GluR I is expressed Ort the cell surface in the absence 
01 TARP-like proteins. However. glutamate-gated currents could 
not be recorded unless GluRI was COIIxpressed with e~her 
C. e/egans STG-I or vertebrale stargazln. This depeodence Ort 
a TARP protein could be overcome by introducing a mutation 
in GfuRl thaI prevented receplor desensitization. Thus. OUr 
genetic and electrophysiological analyses point 10 an essenlial. 
evolutionarily conserved role for TARPs in regulating AMPAA 
funcliort. 
RESULTS 
To lest STG-l's role In nervous system fUflClion, we used stan-
dard teclYliques to first generate a transposOrt insertion in the 
slg·1 gene and then 10 delecl a rare imprecise excision 01 the 
transposon that deleted almosl the entire slg·1 coding sequence 
(F'9ures IA and 18). 519·I(BkI04) mutants were viable and had 
no obvious morphological or movemenl abnorma l~ies. To as-
998 Neuron 59. 997- 1008. Seplember 25. 2008 C 2008 E""",* Inc. 
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sess the Involvemenl of STG- ' in AMPAR·mediated neurotrans-
mission. we tested the perlormance 01 81g-1 mutanlS in behav-
iors mediated by the GLR-l AMPAA. C. e/egans recoils In 
response to mechanostimuiation of the anterior tip of the head 
(fIOse-louch response). and this avoidance behavior is depen-
dent Ort glutamalergic netJrotransmissiOrt that activales GLR-l 
(Hartel al .• 1995: Lllllet al.. 1999: Maricq el al.. 1995). However. 
we did not f ind thaI nose-touch avoidance was disrupted in stg-I 
mulantS (Figure Ie). We also eumined the hyperreversal or 
"lurching" phenotype of transgenic worms lhat expressed 
a GLR-l gain..of-functiOrt variant. GLR-l(ASS71) (Figure to). 
The average duration of forward lTIOIIement be/Ofe reversing Is 
greal¥ reduced in ~rcher worms compared 10 wild ·type (Zhang 
III al .• 1999). and the suppression by the slg-l(ak l 04} mutatiOrt 
was Ortly a small fraction of Ihat previously observed for the 
soi-I mulation (Zhang III al .• 20(4). To directly address whether 
AMPAR-mediatad currents were disrupted in Stg-I mutanls. we 
used conventional whoIe-ceil patch-clamp techniques (Francis 
and Marico. 20(6) to record glutamate-gated currents from 
AVA, an Interneuron that is reQu~ad for backward movement. 
In contrast to gIr·1 and sol-I mutanlS (Zhang III al .• 2(04). we 
found flO appreciable differences in glutamate-gated currents 
between wild-type and Slg-1 mutants (Fogures IE and , F) . 
.Ig- l ; s lg-2 Double Mutants Have Syner;lstJc Defect. 
considering the importance of STG-l in reoonsmution experi-
ments and ~s cOll~pression w~h GLA-I in the nervous system 
(Walker et al .• 2006a). we considered the possJbility that addi-
tional T ARP proteins may be COIIXpressed w~h GLR-l. We iden-
tified several add~ionaI genes that encode proteins w~h weak 
sequence identity to STG-l. including clc-3. c/C-4. and fS3b3.S 
(Fogure 2A). However. the 51g· I: clc-3 double mutant had no ob-
vious defects in GLA-t-dependent beIlaviors, and c/c·4 is not 
expressed In the OOf\IOUS system (data fIOt shown). Also. we 
were unable to record glutamate-gated ClKfentS trom Xenopl)S 
oocyIes that cOllXpressed e~her CLe-3 or F53B3.5 with SOLo ' 
and GLR-l (data not shown). Thefe/Ofe, we used a forward 
genetic approach to identify addrlional gene producls that may 
contribute to glutamatergic ne<Jrotransmission. We reasoned 
thaI S(:reening for genes that aClad in concert w~h stg·1 mighl 
circumvenl the potential problem 01 redundancy. Thus. we 
screened for synthetic mutations-those that individually did 
nol suppress the GLR-I (A6871) lurcher phenotype but did cause 
suppression In worms that also contained the 5/g-1 mutation. 
Our screen identified two mutations that were synthetic with 
slg-1 and failed to complement each other. We mapped \he mu-
tations to a small interval Ort LG X and. using slandard cosmid 
reS(:ue techniques, identified mutations in an open reading frame 
in cosmid F12D9 (Figure 28). F12D9.1b is predicted to encode 
a 279 amino acid (aa) protein w~h no identity to known proteins 
(wormbase.org). Our analysis of the genome and of the carre-
spondfng cDNA indicates lhatthe codfng sequence. which we 
have named s/g-2. actually extends an add~iortaI234 bp. encod-
fng a 357 ail protein, Uke other TAAPs and y-subunits. STG-2 
has 4 predicted transmembrane domains but has rather low 
sequence identity wilh e~her C. elegans STG- ' or vertebrate 
stargazin (F'9ures 2A and 2C). The 51g-2(akI34) allele contains 
a nonsense mutation followfng !III 108. suggesting that lIlis 
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mutation is a nUll. The stg·2{akl38) mutation cootains both a mis-
sense mutation and a small deletion (removing aa 26-34), resuM-
ing in a premature stop codon: however. a plausible in~iating 
methionine exists at aa 45 (FIgure 2C). Neither mutation ak)oe 
signIficantly suppressed the hyperr&v8fSa1 phenotype ollurcher 
worms. In contrast. the duration of forward movement was 
increased sign~icantly in slg-1 mutants that also carried e<ther 
allele of stg-2 (Figure 20), This effect was more prOnOUnced for 
S/9-1; SI9-2(akf34) double mutants, consistent w~h the notion 
that akl34 represents a nul l allele. For this reason, we locused 
most of our subsequent analyses using this allele. The SI9-1: 
stg-2 double mutants incompletely suppressed lurching behav-
ior. consistent with previous evidence that GLR-,(A687T) ma"'· 
tains some function in the absence of STGs (Walker et al., 
2006a). LurchIng behavior was restored in transgenic lurcher: 
slg·l{akl(4): 519-2(akI34) double mutants that OVE!fexpressed 
either STG-' or STG-2 (Figure 20). 
To address \he cootribulion of stg-2 to behavior. we out-
crossed \he mutant worms to remove the GLR·' (A68TT) trans-
gene. COmpared to gJr-I(lcy176} null mutants, which are slow 
to avoid osmotic stimuli. S/9-1 or slg-2 single mutants responded 
w~h delays comparable to wild·type worms (Figure 2E). In coo-
trast, slg-I(akl04); 5Ig-2(8kl34) double mutants were indistin-
guishable from glr-l mutants. and normal osmotic avoidance 
F\vunI I . The STO- l .... STG·2 TARP·~k. 
Proteins Oiffetenlially Allee' OlR-' ·Madl-
.,." ......... 
~ GfInomic <wgarUatioto 01 In. SIg-' _ """ 
"""""andmrono_od .. tx> .... """ _. 
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prot ... 0Il0winv In. to... ~ <Io<Nino 
andlho~ N·andC· __ .
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1/-"104)_. 
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'~Iy _ !>om __ • 
p < Q.OOI. 
(E)GlutamaI~od ~IS in _ Ie 3 mM 
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EtTorbat1;_t_~, 
behavior was restored ... transgenic stg·l; slg·2 mulants that 
expressed wild-type copies of e~her slg-' ($./g-1 genomic) or 
s/g-2 (slg-2 genomic) (Figure 2E). slg-l; s/g-2 double mutants 
also $hawed comparable deleC1s to glr-I mutants in nose touch 
avoidance (Figure 2F). However. in this assay. we found Ihal 
slg-2 mUlants were also sIgnificantly different from wild-type 
worms. whereas stg·, mutants were Indistinguishable from 
wild-type (Figure 2F). Normal behavior was restored in trans-
genic Slg-2(aI<l34) mutants that expressed wild-type copies of 
the slg-2 gene. 
STG-1 and STG-2 Have Overlapping but Distinct 
Expression Patterns 
The synthetic phenotypes that we observed in our behavioral 
analysis suggested that most neurons that express GLR-' 
should also express both STG-l and STG-2: however. the dis-
rupled nose-touch response of 5Ig-2. but nots/g-I. mUlants im-
plied that a subset 01 neurons required for nose-touch avoidance 
may differentially express \he STG prote<ns. To test this hypoth-
esis, we generated transgeroic worms that Cooxpressed GFP un-
der the regulation 01 the nmr-I promoter (Pnmr-I ::GFp) and the 
mCheny protein dtiven by either the slg-' (Ps/g-' :mCherry) or 
slg-2 (PsIg-2::mCherTy) promoter. The nmr-' promoter drives 
GFP expression in a subset 01 GLR-'-expressing interneurons, 
Neuron 59. 997-1008. Septembe< 25. 2008 C2OO8 Elsevier loc. 999 
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incM:ling most of the command intemeurons that regulate avoid-
ance responses (Brockie et al. . 2001a, 200 tb). Using confocal 
microscopy to examine GFP and mCherry expression in trans-
genic worms. we found that most of the intemeurons thaI 
expressed Pnmr- f::GFP also appeared to express both Pstg-
f: :mChefTy and Psrg-2::mCherry. w~h rhe notable exception of 
the AVA convnand interneuron (FlQure SAl. STG-2. but not 
STG-l , was strongly expressed in AVA, which is required for 
backward avoidance responses (CI-.alfie el aI., 1985; de Bono 
and Maricq. 2005). Both Pstg- f ::mCherry and Psrg-2::mCherry 
expression were more widespread than Pnmr-I ::GFP and were 
exclusMJIy expressed in neurons, Coexpressing Psfg-I ::GFP 
with Pstg-2:: mCherry revealed considerabJe overlap in their 
expression patterns (Figure 36). We also generated transgenic 
worms thaI coexpressed functional full· length STG- l ::mCherry 
and GLR-I ::GFP both under the regulation of the glr- I promoter. 
The fusion proteins coIocalized at punctate st ructures in the 
ventral cord that are thought to represent postsynaptic sites 
(Figure 3C). This suggests that STG- l and GLR- I form part of 
a s;goaling complex at synapses. We were unable to confidently 
(E) The delay in It-........,........ IO hypOrOSIMIic: ......... wiI<!.typo. n • Q: g;. l illYl76). n . 8: ug-1(Mclf)O). n _ 8: stg.2/aI<134). n • 8: OIp-I(Mc lf)O): stg.2/aI<134). 
n . 18: .'0.;,,134 •• tg-I~. n . 1: ....... ,0.; .. ,34 • • tg·Z~. n . 10. '~ddI"""!rom wiI<!'IyPO.I>< 0,01. 
(F) The o">OH-lOuCII ......,........ in wiI<!.lyPO. " _ 3; ,,",-lillY' 76)." _ 3; stg.1(Mcl f)O); .tg-2/aI<134). " _ 3; stg.1(Mc lf)O). n _ ' ; stg.2(a/< 134), n _ 3: lM.tg·2(a/<I34) • 
>II/.2~. n . G. 'oigniI'ica1t1y ~ """' wiId.t)'I>4t. p < 0.005. 
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assess STG-2 Iocalizahon because !he repor1er fusions for!he 
STG-2 protein were no! functional. 
GLR-l-Medleted Currents Ate Not Detected 
In 519-1; 519-2 Doubt .. Mutant, 
To directly examine GLA·j function In Wild-type and mulan! 
worms. we used in vivo patch-clamp recording !echnlq!l8s to 
re<:ord glutama!e"9il!ed curr8<lt$ from the AVA intemooron. tn 
wild·type worms. po-sssure appIicaHon of glulama!e evoked an 
inward current (537:t 85 pA, n _ n that desensitized in the con-
liooed preserlC<:! of gMamate (Figure 4A). A! IeaSI tWO classes of 
receptors conlribu!e !o the gMamale-galed CUllant: rapidly 
activating AMPAAsthat contain the GLA-l subuo~ and slower. 
rectifying NMDA-type receptClnlthat contain lhe NMR-I sutx..l~ 
(Brockie et 81 .. 2001b: Mellem et at, 2002: Zhang et al .. 20(4): the 
NMOA receptor-medialed component is the predominant 
current observed in gIr-1 mutants (Figura 48). GLA-l-medialed 
currant can be selectively activated liSlng the agonlsl kainate 
(342 :t 32 pA, n . 4) (Figure 4A). and no kainate-gated current 
is detected in gIr-l mutants (Figure 48). In slg-1 mutanls. gluta-
mate·gated currents appeared indistinguishable from those 
rocorded in wild-type worms (Figure IE), In contrast, only the 
NMDA component of the glutamale-galed current was recorded 
in slg-2 mutants. and no kalnate-galed currant was detected 
(F,!!ure 4C). Apparenlly. normal currents _e rocorded in trans-
genic slg-2 mutants lilat expressed a wild·type copy of slg·2 
(5Ig-2 genomic) (459 pA:t 117. n . 4) (F'9Ure 40). slg·l; slg·2 
double mutants appeared indistingufshable from Slg-2 mutants 
and glr-I I11IJtants (Fogure 4E), providing add~ional evidencf! 
tha~ rapjd·glutamate-gated currants in AVA were primarily de-
pendent on STG-2. GMamate"9ilted current was restored in 
transgenic slg-l; slg-2 double mutants that expo-essed a wild-
type copy of s!g-2 (453 pA :t 28. n • 3). bu! rescue was not 
observed when expressing STG-I under control of ~s native pr0-
moter (Fogures 4F and 4G). We did note a very small. rapid inward 
CUllen! that may be a consequence 01 overexpressing the slg- I 
transgene (Figure 4F). These data indicate that GLA-l-mediated 
1002 NeurooS9, 997-1008, September 25. 2008 C2008 Elsevier Inc. 
glutamate-gated currents in AVA are primarily dependent on 
STG-2, a finding that is consistent with the d ifferenti<ll expression 
of STG-I and STG-2 in AVA (Figure 3) . 
A question rafsed by these resutts is whether STG-I can 
functionally substitute for STG·2 in AVA. To address this. we 
recorded glulamate·gated currents from transgenic slg-I; slg-
2double mutants lilat expressed STG·I or STG-2 under control 
of the S/9-2 and $19-1 promoters, r!l$p8Ctive/y, i.e., Pstg-2: :STG-
I Of PsIg-f::STG·2. These PO-OIllOte< swap e~perimef1ts showed 
that rapjd. GLA·I-medlated currents we<e detected when STG·I 
was expressed under control of the $/9-2 promoter{Fogure 41-1). 
au.. data show thaI either STG-I Of STG·2 was competent to 
po-omota glutamate"9ilted CUtT9l1ts in AVA and that the STG 
proteins function eetl-aul<)r'K)l'n<)U$ly. However. the current mea-
sured In transgenic animals that express Pslg·2::STG-I was 
smaller than that for wild-type (73 :t 27 pA, n • 5; p '" 0.01). 
This difference may reflect variability in transgenic expo-ession 
Of Indicate tilat add~ional gene products contribule to iGluR 
function in AVA. 
GLR-l Is Expressed on the Cell Surface In the Absenc e 
of Both STG·1 and STG_2 
In cerebellar granule cells. the surface expression 01 AMPARs is 
greatly reduced In stargazin mUlants (Chen et al .. 20001. One ex-
planation for the phenotype of slg· l ; S/9-2 double mutants is tilat 
GLA-I is not present on thecell surface. To address this possibil-
ity. we examined GLA-I expression In transgenic worms that 
expo-essed a f1..octional hemagglutin (HAl epitope-t<>!)ged GLA-
I ::GFP under control oftheglr-I po-OIllOter(HA::GLA·I ::GFp). Us-
ing ant i·HA antibodies under nonpermeabilized conditions (see 
Expe,;mental Procedures). we found simitar levels of surface ex-
pression in wild-type worms. slg·1 or 51g-2 single I11IJtanls. and 
slg-I; slg-2 double mutants (Figures SA and 58). We also found 
that vertebrate stargazin did not increase surface expression of 
GLA-I in xenopus oocyles and tilat ne~her STG-I nor STG-2 in-
creased the surface expression of vertebrate GluRl (Figo.res S I A 
and SI8 available online). These data are consistent with 
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a previous report that showed GLR-l is delivered to the cell sur-
face when ectopically e~pressed in muscle cells of transgenic 
worms in !he absence of STG-l. STG-2, and SOL-l (Walker 
et al., 2006a). Together. theseresuHssuwestlhat the GLR-\-me-
diated behavioral and electrophysiological defects observed in 
sty- I; slg-2 double mutants are not due 10 aHered GLR-l surface 
expression and tkat STG-l and STG-2 are required for GLR-l 
function. 
To further address this question. we characlerized GLR-\ ex-
pressiort and glutamate-galed currerJ1S In worms that iacked a 
C. e/egaIlS vesicular glutamate lranspJrter. EAT·4 (lee et al .• 
1999). We ptlIviou5ly demonstrated that !he chronic lack of g~­
lamatergic r.eurotransmission in oot·4 mutants caused competl-
salory postsynaptic changes in GLR· l (Grunwald et al" 20(4). 
Thus, both the abundance of GLR·\ ::GFP in neuronal processes 
and the magn~ode of GLR·I·medialed ClilTents measured 
in vivo were roeased in eal·4 mutants (SIS pA '" 85: n E 2) com· 
pared 10 wild-type worms (245 pA:t 48: n . 2) (F'9l'rGS 5C and 
50) (Grunwald et al .• 2(04). The abundance of GLR·l::GFP 
also appeared to be increased in eat·4; slg-I; slg·2 tripl9 
mutants compared 10 Slg·I; stg·2 double mutants (Figure 5C). 
However, desp~e this, we coold not detect GLR·\·mediated 
Curr9ftl in the eal·4; stg·l; slg·2 lriple mutants. even when 
GLR·I was overexpressed (n ~ 3: Figure 50). These results indio 
cate that both normal and compensatory trafficking and surface 
expression of GLR·l occurs independently of STG·l and STG·2 
and that increased GLR·I expression does not overCome the 
functional dependence on C. e/egans T ARP proteins. 
STG-1 . nd STG-2 Olfferentlallw M odify the Kinetics 
of GlR_1 AMPA Re<::eptolll 
Information processing at Synapse$ is greatly influenced by the 
time course of the synaptic curr9ft1. To address whether STG·\ 
and STG·2 have drtferent effects on the kinetics of GLR·\·medi· 
aled currerJtsand, thus. GLR·l function. we recorded glutamate-
gated currents in response to rapid application of glutamate. For 












better control ollhe genetic background. we expressed GLR- l 
and SOL-I along with e~hef STG·' ()( STG·2 '" the moscle cells 
of transgenic zIg-I; stg-2 double mutants. In C. I1iegans, exc~­
alory neuromuscular transmission is mediated by acetylcholine, 
not glutamate, and no endogenolis glutamate-gated CU<\'9I1IS 
ar<l present in muscle cells (Walker et aI., 200Gb). We recorded 
glutamate-gated currents from cu~u<ed muscle cells dissociated 
from transgenic worms that ectopically expressed components 
of the GLA-l/SOl-1fSTG rec<lptOt complex in body wallmoscle 
cells. We previoosly demonstrated that reconsmution 01 gluta-
mate-gated ClJITe/lI in muscle depends on STG-I (Walker et al .. 
2006a). We now lind thai the lime COOf'$e of gJulamate-galed 
current is dramatically inll...enced by the STG subtype that is 
coexpressed with GLA·' and SOL-I (figure 6). Thus, when 
STG-l was coexpressed w~h GLR-' and SOL-I , g lutamate-
gated currents incompletely desens~ized (Figures 6A, 60, and 
SE). whereas full and rapid desensitization was obs&tved whe/l 
STG-Z was ooexpressed {Figures 66, 6D, and 6El. Interestingly, 
when both 5TG-l and 5TG-2 were coexpressed. the peak gluta-
mate-gated current was atmost 10·foId greater than that 
observed w~h coexpression of e'ther 5TG- l or STG-2 alone (Fig-
ures 6C and 6F), suggesting pemaps IIlat all fou,proteins may in-
teract to form a signaling complex. 
STG-2 Promotes Glutamate-Gated Currents Mediated 
by Invertebrate and Vertebrate IGluRs 
To examine whether STG-2 can promote glutamateilated 
currents In reconsl~ut;oo experiments. we measured gluta-
mate·gated corrents from Xenopus oocytes thaI expressed com-
binations 01 C. elegall$ GLR-I . SOL-I. STG-I . and 5TG·2. As 
previoosly observed (Walker et al. , 2006a: Zhang et at .. 2(06). 
no glutamate-gated corrent was detecled In oocytes that only 
coexpressed GLR-I and SOl-I. In contrast. coexpression w~h 
STG- t or 5TG-2. orboth STG-I and STG-2, was suf!;':ientto pro-
mote glutamate·gated cooents (Figures 7A and 78). In contrast 
to rapid perlusion experiments (Figure 6). we did not fond in-
creased currenl wt1e!l both 5TG-I and STG-2 are coe.pressed. 
1004 NeuronS9. 997- tOO8. September 25. 2008 C2008 Elsevier 1r>C. 
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GLR· t • SOl·1 • STG·I • STG·2. " • s. 'sign/II. 
<andy -...... from GLR·t • SOl_I. STG·t. 
I' 0( 0.01 .•• ~ -...... !rom GLR·t 
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This apparenl difference may be secondary to the slow kinet;':s 
of dNg appIOcation when recording from oocytes. We also found 
that e~her STG·I or STG·2 was competent to promote vertebrate 
GluRI-mediated currents (Figures 7e and 70). aHhough the 
C. e/egall$ proteins were less efficacious than ver1ebrate star-
gazin. with STG·2 having the smallest effect . The apparent differ' 
ence between STG-I and STG·2 may rel\ect d ifferenc;es in 
protein expression or receptor kineticS. Glutamate-gated cor-
rents in oocytes that coexpressed GluRt and 5TG·2 desensitized 
with a time COU<Se similar to that observed in oocytes that coex-
pressed GluRl and 'III11ebrate stargazin. In contrast. glutamate-
gated currents in OOCytes that cooxpressed GIuRt and STG·I 
only partially desens~ized (Figure 7C). Qocytes that coexpressed 
GluR t. STG-l. and STG-2 desens~jzed with a time course similar 
to that observed in oocytes that coexpressed GIuRI and STG·I 
(Figures 7E and 7F). 
Vertet...ate GluRI Fun~llon I. Dependent 
on TARP Proteins 
Glutamate-gated ~urrents can be recorded from Xenopus 00-
cytes injected wi\tt cRNA encoding vertebrate GtuRt ; how9ver. 
the magnitude 01 the current is increased w~h the coexpression 
of stargazin (Chen at al .• 2(03). The Interpretation of this resu~ 
is that overexpression 01 GIuRI can bypass the need for star· 
gazin. Considering that TARPs from different species (and w~hin 
species) have low sequence identity but cooserved function. an 
altemative hypothesl5 is that some prote<n activity in Xenopus 
OOCytes promotes GluRI function. To test this hypothesis, we 
expressed GluRt ... muscles 01 transgenic worms and recorded 
current in response to pressure app4lcation of glutamate. We 
did not record fast gtutamate-gated currents from muscles lIlat 
o...arexpressed functional GFP;:GIuRI alone (Figure 8A). al-
IhoughGFP::GluR1 was expressed at the cell surfa<:e(Figure88). 
Occasionally, we recorded very smal l. slow currents «10 pAl. In 
contrast. we observed large. fast glutamateilated currents when 
GFP::GluRl was coexpressed w~h stargazin (484 pA :t 187. 
n .. 6). and smaller currents when coexpressed w~h C. e/egan$ 
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STG-l (56 pA :t 17. n .. 7; FIgure SAl. Surlace delNefY of 
GFP::GluRl appeared eQuNaleot in the presence or absence of 
either stargazin or STG- l (Figl.lre 6B). Importantly. any possible 
diffe,ences in surface expression cannot explain !he large relative 
diffe,ences in glutamate-gated cUllent observed w~h coexpres-
sion of stargazin or STG-l. The larger cutTent observed with star-
gazin may reflect a greatElf affinity for V8f'lebrate GluRl. We also 
found thaI introducing a poinl mutation inlo GluRl (L507Y) that 
blocks desensitization (Stem-Bach et al .. 1998) 'estored gluta-
mate-gated cUllent in the al>serlce of either stargazin or STG-l 
(403 pA:t 33. n .. 4: Figure 8Aj. providing further evidence for star-
gazirt-Independeot surface expression of GfuRl. Together. these 
resuns indicate that the primlll)' evolutionarily C01'1S8fVed role for 
TARPs is to promote the function 01 iGluRs. 
DISCUSSION 
Oursludy provides a comprehertsive analysis of AMPAR flinCtion 
in mutants devoid of TARP function. Using both reverse and for-
ward genetic approaches. we have identified and deteted two 
TARP proteins in C. e/eg<ln$. STG-l and STG-2. In C. etegans. 
wecouldevaluatethe uniqUflcontribution of each TARPto ,ec:ep-
tor flinCtion w~tlouI the confounding vanable of possible com-
pensatory TARPs. Furthermore. by characterizing the in vivo 
kinetic prope<1ies of AMPARs in the al>serlce of TARPs. we 
were able toshed light on the possJble roieofTARPs at synapSes. 
Although STG-I and STG-2 a,e distantly related by primary 
seqUflnce to vertebmte T ARPs, both can functionally subsmute 
for vertebrate TARPs In reconstitution experiments. In s/g-I: 
s19-2 double mutants. GLR-I receptors are expressed on the 
ce~ surface; however. no AMPAR-mediated CUJTent is detected. 
and the behavioral phenotype mimics that of gIr- J mutants. Ou, 
experiments have identified the minimal set of TARP proteins in 
C. e/egBns that are required for normal glutamat81'gic communi-
cation and demonstrate that TARPs have essential. evolutionarily 
conserved roles in 'egulating the kinetics of AMPARs. 
F 




TARPs Are Required fo r AMPAR Functio n In C. elegan s 
In stg-J: slg-2 double mutants. no in VNO glutamate·gated cur-
rent could be elic~ed by pressure application of glutamate. Re-
const~ution experiments in transgenic C. elegans muscle cells 
provided similar resuHs. Even when using rapid perfusion tech-
niques. we did oot observe fast glutamate-gated currents in 
the absence of TARPs. The lack of current in s/g- f: slg-2 double 
mutants could oot be explained by changes in surface expres-
sion of GLR-l as both the distribution and surface expression 
of GLR-l in $tg-I: stg-2 double mutants appeared indistinguish-
able lrom that in wild-type worms. The /irst characterized T ARP 
has sign~icant roles In the surlace expression and localization of 
AMPARs (Chen et aI., 2000). LatElf. three other TARPs were dis-
covered, each with an eQuNalent ability 10 promote surface 
expression (Tomita et aI., 20(3). However. even the role of verte-
brate TARPs now appears more complicated, e.g., a new TARP 
(T-7) is qu~e dMirgent in sequence and whether ~ participates in 
surlace delivery or receptor function has not yet been estab-
lished (Kato Q\ al .. 20(7). In contraSI. there is no apparent role 
for TARPs in !he trafficking or surface expression of AMPARs 
in C. e/eg<ln$. These differences may reflect evolutionary 
changes. For example, lunctions in trafficking and surface ex-
pression may have been gained or lost during evolution. Recon-
stitution experments in Xenopos oocy1es and cell lines show 
that functional AMPARs are expressed on the cell surface in 
the absence of stargazin, suggesting stargazing-independent 
trafficking. Howev81', the genetic background of these het81'010-
gous systems has not been estabfished. At least five venebrate 
proteins (y-2. y-3. y_4. y-8. and y-n have functional effects on 
AMPARs, and Ihese proteins are widety expressed, It is possJbie 
that heterologous cells express endogenous TARPs that pro-
mote receptor surface delivety and function. There is precedent 
for this notion. The NRI NMDA receptor subunit was cloned by 
lunctional expression In Xenopus oocytes (Moriyoshl Q\ al.. 
1991): however. NMDA receptors are now Iu10wn 10 be helero-
marie receptors with NR2 subunits. and NRI does not bind 
Neuron 59. 997-1008. Septembef 25. 2008 C2OO8 Elsevier Inc. 1005 
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glutamate (Dingledine (11 ai" 1999), strongly suggesting thaI 
Xenopus OOCytes must express end<:lgenov$ NR2-like proteins. 
Vertebrate GluAl Function Depends on TAAP. 
We have d&monstrated lhal. independent of any TARP effects on 
surface expression or localization 01 verleb'ale AMPAAs. T ARPa 
are req ..... ed for receptor function. Our reeonsmution experi-
ments in C. tHeganS show that vertebrate GIuRl is trafficked to 
the surface but (hal gMamate.gated CUITeniS cannot be mea-
sured in the absence 01 II TARP, wh(Ith(tr vertebrate or invert",-
brate, thus demonstrating that TARPs have an evolutionarily 
Conser\Ied role In AMPAR function irldepeod&nl of other roles. 
A mutation thaI prevents GluRl desensitization restores Junction 
in the absence 0' exogenous TAAPs, suggesting !hal TARPs act 
to regulate the desens~izatoo of the receptor. 
TARPs Differentially Regulate the Rate 
of GLR-l Desens itization 
BecauSQ all AMPAA-medialed current was atiminated in stg-1: 
slg·2 double mutants. we could evaluate the unique contributoo 
of each TAAP to receptor functoo w~llout the confounding 
variable 01 possible compensatory TARPs. We loond t!\at the 
rate and extent of glutamate-gated current deseos~izatoo 
was greater wilh STG·2 than w~h STG-l. De-sensitizatoo is an 
evolutionarily conse<Ved feature of ligand-gated receptors. We 
propose t!\at too differential neuronal expressoo of STG-\ and 
STG-2 may opIimize the bandwidth of synaptic transmission 
by luning lhe kinetics of glutamate-gated currents. The divar.;ity 
of TARP effecl$ on desen$itizatoo can be appreciated by com-
paring the varying impact of STG-l. stargazin (Fogures 7 and 8). 
and Apia STGI (Walker et al.. 200Gb) on currents mediated by 
verteb<ate GIuRl. At vertebrate synapses, TARPs may similarty 
modify synaptic signaling and thus behavior. 
Th. Div .... i\y of TARPs 
Thecooserved lunctoo ofverteb<ate and Irweneb<ate T ARPs de-
spite too k>w amino acid identity suggesls that 3-dimensional 
structure Is conserved and retains functional effects on qu~e 
divergent AMPAAs (Insect. nematode and ver1ebrate). The func-
tional properties 01 AMPAAs are influenced by wbunit composi-
tion. alternative splicing, RNA ed~ing. phosphorylation state. and 
1006 NeuronS9. 997- tOO8. Seplember 25.2008 C2OO8 EIseYief Inc. 
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indramatic lashion by association with one or more TARPs. Thus. 
this trerr.enoous combinatorial complexity in receptor function 
may contribute to the synaptic processing of informatoo. The 
percent identity between C. eIegans STG-l and STG-2 is almost 
thesame as too identity between STG-l and vertebratestargazin. 
highlighting the drtlicutty in estimating too true number 01 TARPs 
ina genome. In vertebrates. lheoriginal TARP lamHy is now found 
to contain an oulfier. y-7. which has signifocantty lower identity 
with statgazin. Given that STG-l and STG-2 can partty wbsMute 
forstargazin. ~ would not be unexpected il add~ionalT ARPs. with 
more lim~ed identity to stargazin. were identified in the ITIOU$<l 
""""" . 
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CHAPTER 3 
SOL-2 AND SOL-1 CUB-DOMAIN PROTEINS FORM A NOVEL 
EXTRACELLULAR SCAFFOLDING COMPLEX  




The neurotransmitter glutamate mediates rapid excitatory synaptic transmission by 
activating ionotropic, or channel-forming, glutamate-gated receptors (iGluRs) (Hollmann 
et al. 1994; Collingridge et al. 2009). AMPA receptors (AMPARs) are a class of iGluRs 
that are strongly implicated in learning and memory (Kessels et al. 2009). Modulation of 
the strength of synaptic communication by glutamate is achieved in part by dynamic 
changes in functional AMPAR number (Malinow et al. 2002), or modulation of the 
kinetics of AMPAR gating by their association with auxiliary proteins (Milstein et al. 
2008). In Caenorhabditis elegans, glutamate-gated current mediated by the GLR-1 
AMPAR depends on the transmembrane CUB-domain protein SOL-1, an auxiliary protein 
that strongly modifies the kinetics of AMPAR function (Zheng et al. 2004; Walker et al. 
2006; Walker et al. 2006; Zheng et al. 2006). This finding has been extended by recent 
studies on the vertebrate proteins Neto1 and Neto2, which demonstrated that modulation of 
iGluRs by CUB-domain proteins is evolutionarily conserved (Ng et al. 2009; Zhang et al. 
2009). However, the SOL-1 proteins in C. elegans and the Neto proteins in vertebrates 
belong to two different classes. Here, we identify SOL-2, a CUB domain protein in C. 
elegans that is homologous to Neto proteins, yet is required for AMPAR function. We 
find that SOL-2 is required to bind to and stabilize the extracellular domain of SOL-1, 
forming a protein complex that co-localizes with AMPARs and regulates the kinetics of 
desensitization. In reconstitution studies, we demonstrate that GLR-1-mediated currents 
depend on both SOL-1 and SOL-2. In addition, we show that GLR-1 and SOL-2 surface 
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delivery is independent of SOL-1 trafficking. Currents in sol-1 mutants can be rescued in 
a SOL-2 dependent fashion by in trans delivery of the soluble extracellular domain of 
SOL-1. Our results demonstrate that a complex of CUB-domain proteins has a 
scaffolding role that contributes to the function of synaptic AMPARs. 
Introduction 
The neurotransmitter glutamate mediates excitatory synaptic transmission by 
activating multiple classes of tetrameric ionotropic glutamate receptors (iGluRs) 
(Hollmann et al. 1994). Although many iGluRs are functional when expressed in 
heterologous cells (Hollmann et al. 1989) , recent studies have revealed that the AMPA 
class iGluR is associated with many transmembrane proteins, which appear to provide 
essential auxiliary functions (Tomita 2010). The best studied of these auxiliary subunits 
are the TARPs (Transmembrane AMPAR Regulatory Protein) (Milstein et al. 2008), but 
recently several additional transmembrane proteins have been implicated in AMPAR 
function (Schwenk et al. 2009; Diaz 2010; von Engelhardt et al. 2010). In Caenorhabditis 
elegans, the GLR-1 AMPAR mediates glutamate-gated current in a subset of interneurons 
that control movement and the avoidance of noxious stimuli (Hart et al. 1995; Maricq et 
al. 1995). Genetic and reconstitution studies have demonstrated that a synaptic 
transmembrane protein complex is required for glutamate-mediated currents and behavior 
in C. elegans (Zheng et al. 2004; Wang et al. 2008). This complex contains GLR-1, SOL-1, 
a type 1 transmembrane protein containing protein-protein interaction motifs called 
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CUB-domains (Complement,Urchin EGF, BMP), and the TARPs STG-1 or STG-2. SOL-1 
was shown to regulate the rate of GLR-1 desensitization as well its rate of recovery from 
desensitization (Walker et al. 2006; Walker et al. 2006; Zheng et al. 2006).  
More recently, Neto2 and Neto1 have been identified in mice. These 
CUB-domain containing transmembrane proteins contribute to signaling mediated by 
kainate and NMDA (N-methyl-D-aspartate) iGluRs, respectively (Ng et al. 2009; Zhang et 
al. 2009). Whereas SOL-1 contains four predicted protein-protein interaction CUB 
domains, Neto2 and the closely related Neto1, contains two CUB domains and an LDLa 
(low-density lipoprotein receptor class A ) domain. To date, SOL-1 homologues have not 
been identified in vertebrates, and Neto homologues have not been identified in 
invertebrates. In an earlier reconstitution study (Zheng et al. 2006), we found that the 
extracellular domain of SOL-1 was not required for rescue of behavior and current in 
transgenic sol-1 mutants. A prediction of this result was that an additional protein 
contributes to the GLR-1 receptor complex and that this protein helps recruit SOL-1 to the 
receptor complex by binding to the soluble extracellular domain of SOL-1 (sSOL-1).  
Here, we use a genetic strategy to identify this putative interacting protein and to 
test the hypothesis that it contributes to AMPAR-mediated synaptic transmission. We 
identified SOL-2, a CUB-domain protein that is the homologue of the vertebrate Neto 
proteins. GLR-1 mediated currents were severely diminished in sol-2 mutants, despite 
apparently normal surface expression of GLR-1. We found that sSOL-1 rescue of sol-1
mutants was dependent on SOL-2. Furthermore, we found that sol-1 mutants were rescued 
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when sSOL-1 was supplied in trans, indicating that the trafficking and synaptic 
localization of a receptor complex containing TARP, SOL-2 and GLR-1 are not themselves 
dependent on SOL-1. 
Materials and Methods 
General Methods, Genetics and Germline Transformation 
All C. elegans strains were raised under standard laboratory conditions at 20° C. 
Transgenic strains were generated by injecting pPD97.98, a GFP marker that labels worm 
coelomocytes (Miyabayashi et al. 1999), or pDM1494, an mCherry marker that labels 
command interneuron AVA, into desired worms; or in most cases, by injecting pJM23, a 
rescuing plasmid for worm multi-vulva (Muv) phenotype, into lin-15(n765ts) Muv 
mutants (Huang et al. 1994).  
The following plasmids were used to generate transgenic lines: pYZ9, 
Pglr-1::GLR-1(A687T); pWR5, Pglr-1::HA::GLR-1(A687T)::GFP; pYZ298, 
Pnmr-1::GFP::sSOL-1; pYZ318, Pmyo-3::HA::GLR-1::GFP; pYZ147, 
Pmyo-3::GFP::SOL-1; pYZ327, Pmyo-3::GFP::sSOL-1; pDM796, Pmyo-3::STG-1; 
pWR34, Pmyo-3::SOL-2; pYZ96, Psol-1::SOL-1; pDM1284, Pglr-1::mCherry; 
pDM1196, Pnmr-1::mCherry; pDM1755, Psol-1::mCherry; pDM1427, Psol-2::GFP; 
pWR37, Prig-3::SOL-2::GFP; pDM1556, Prig-3::HA::GLR-1::mCherry; pDM1490, 
Prig-3::NMR-2::mCherry; pDM1558, Psol-2::GFP::SOL-2;  
Additional transgenic lines used were akIs131, Pnmr-1::GFP::sSOL-1+
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Pglr-1::GLR-1(A687T); and akIs116, Pglr-1::HA::GLR-1(A687T)::GFP. The full-length 
sol-2 cDNA was isolated by PCR amplification from a C. elegans first-strand cDNA 
library. The ExPASy suite of programs were used for analysis of the SOL-2 protein 
(Gasteiger et al. 2003). 
A standard F2 genetic suppressor screen was performed to identify sol-2. 
Transgenic sol-1(ak63); glr-1(ky176); akIs116 worms that overexpressed 
Pglr-1::HA::GLR-1(A687T)::GFP, were mutagenized with 50 mM of EMS at the L4 
larval stage. F2 progeny of the mutagenized worms were screened for suppression of the 
lurcher phenotype. sol-2 was cloned using standard genetic mapping techniques and 
transformation rescue of the suppressor worms. 
Additional Plasmids 
The oocyte expression plasmids used in reconstitution experiments were: 
pDM657, glr-1; pDM350, sol-1; pDM323, solube sol-1; pDM654, stg-1; pWR32, sol-2. 
The BiFC constructs used were: pDM1689, Prig-3::VC155::SOL-2; pDM1672, 
Prig-3::VN173::SOL-1; pDM1664, Prig-3::VN173::GLR-1; pDM1687, 
Pmyo-3::VN173::sSOL-1; pDM1752, Prig-3::VN173::NMR-2. 
Primary Cultures of Dissociated C. elegans Muscle Cells 
Muscle cells were dissociated from transgenic worms as described (Walker et al. 
2006). Ectopic expression in muscle cells was achieved using the myo-3 muscle specific 
promoter. Expression of Pmyo-3::HA::GLR-1::GFP was used as a marker to identify 
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transgenic muscle cells in culture. 
Microscopy 
Confocal images were acquired using Nikon Ti-eclipse with 1.49nA x100 
objective. Images were scanned by Yokogawa CSU10 and captured by Cascade 1224B 
EMCCD camera.  
Electrophysiological Studies 
Electrophysiological recordings from the AVA interneuron in vivo were made as 
previously described (Mellem et al. 2002). Recordings from Xenopus oocytes were 
performed using standard two-electrode voltage clamp techniques. 
Behavioral Analysis 
Assays, including nose touch response, osmotic avoidance and the average 
duration of forward and backward movements were performed using published protocols 
(Mellem et al. 2002). Statistical significance was determined by using the standard 
Student’s t test. Error bars represent the SEM. 
Results 
When expressed in neurons of transgenic sol-1 mutants, sSOL-1 partially rescued 
the glutamate-gated current (Figure 3.1Ai). This result suggested that the extracellular 
domain of SOL-1 formed a stable complex with GLR-1 and worm TARPs (STG-1 and 
STG-2). To test this idea, we asked whether sSOL-1 was sufficient to reconstitute GLR-1 
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function. Muscle cells in C. elegans do not express any known iGluRs, STGs or SOL-1 
proteins, and are thus ideal for reconstitution studies. We co-expressed sSOL-1 or SOL-1 
along with STG-1 and GLR-1 in the muscle cells of transgenic worms and used 
patch-clamp electrophysiology to record currents in response to pressure application of 
glutamate. We recorded large, rapidly-activating inward currents in muscle cells that 
expressed SOL-1. In contrast, we were unable to record appreciable currents in cells that 
expressed sSOL-1 (Figure 3.1Aii). These results led us to hypothesize that neurons, but not 
muscle cells, express a protein that binds to sSOL-1 and contributes to GLR-1 function.  
To identify this interacting protein, we turned to a genetic approach. We previously 
demonstrated that transgenic worms that express GLR-1(A687T), a gain-of-function 
variant of GLR-1, have a movement defect that we called “lurching”, which is 
characterized by frequent reversals in the direction of movement compared to wild-type 
worms (Zheng et al. 1999). The hyperreversal phenotype of transgenic lurcher worms is 
suppressed in sol-1 mutants (Figure 3.1B). The sufficiency of sSOL-1 for glutamate-gated 
currents is also seen in behavior that is dependent on neuronal iGluRs. Thus, transgenic 
sol-1; lurcher worms regain their lurching behavior if sSOL-1 is expressed in neurons 
(Figure 3.1B). We screened approximately 2000 genomes for mutations that modified the
lurcher phenotype. We identified a single mutant that suppressed lurching in both 
transgenic lurcher worms and transgenic sol-1; lurcher mutants that overexpressed 
neuronal sSOL-1 (Figure 3.1C). We named this mutant sol-2(ak205). The ak205 mutation 
did not complement sol-1, stg-1 or stg-2 mutants. We mapped sol-2 to a small interval on 
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Figure 3.1 sol-2 was identified to be required for the neuronal 
function of soluble SOL-1 and GLR-1. 
(Ai) Glutamate-gated currents recorded from AVA neurons in 
wild-type worms, sol-1(ak63) mutants, and sol-1(ak63) mutants 
that expressed soluble SOL-1 (sSOL-1) driven by a neuronal nmr-1 
promoter (Pnmr-1::GFP::sSOL-1). Bar indicates pressure 
application of 1mM glutamate. Cells were held at -60mV. 
(Aii) Patch-clamp current records measured in response to pressure 
application of 1mM glutamate to body wall muscle cells that 
expressed GLR-1, STG-1 and SOL-1 or soluble SOL-1.  
(B) Reversal frequency in wild-type, lurcher, sol-1(ak63); lurcher, 
sol-1(ak63); lurcher that expressed Pnmr-1::GFP::sSOL-1, and 
sol-1(ak63); sol-2(ak205); lurcher that expressed 
Pnmr-1::GFP::sSOL-1. 
(C) Schematic representation of the domain structures of the five 
CUB-domain containing proteins: C. elegans SOL-2, SOL-1, 
LEV-10, and vertebrate Neto1 and Neto2. 
3. 1    sol-2 Was Identified to Be Required for the Neuronal 
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CHR I and using standard cosmid rescue techniques, we identified a mutation in an open 
reading frame in cosmid K05C4.11. sol-2 is predicted to encode a 436 amino acid (aa) type 
1 transmembrane protein containing two putative CUB domains and an LDLa domain, 
with strong sequence identity to the vertebrate Neto1 and Neto2 proteins (Figure 3.1C). 
The ak205 allele contains an early stop caused by frame shift, suggesting that this mutation 
is a null.  
We studied the behavior of sol-2 mutants using two standard assays that depend on 
GLR-1 function. When tested in an osmotic avoidance assay, the sol-2 mutants were as 
slow to recoil as glr-1 or sol-1 mutants (Figure 3.2A). However, when tested in a nose 
touch-avoidance assay, sol-2 mutants were not as impaired as glr-1 or sol-1 mutants 
(Figure 3.2B). In both assays, sol-1; sol-2 double mutants were no more impaired than 
sol-1 mutants alone, suggesting that the two gene products do not act in parallel pathways.  
The glutamate-gated current in sol-2 mutants was considerably smaller than in 
wild-type worms, but still detectable in contrast to the lack of apparent current in sol-1 
mutants (Figure 3.2C, D). Only the GLR-1-mediated current is decreased in sol-2 mutants; 
the slower, outwardly rectifying current mediated by NMDA receptors does not appear 
significantly different than wild-type (Figure 3.2C). Glutamate-gated currents in AVA were 
restored in transgenic sol-2 mutants that expressed wild-type SOL-2 specifically in AVA 
(Prig-3::SOL-2::GFP), indicating that SOL-2 can function cell autonomously. However, 
unlike the case for sSOL-1, we observed no rescue of sol-2 mutants that expressed a SOL-2 
variant lacking the TM domain (data not shown).
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Figure 3.2 The disruption of sol-2 impairs glutamate-gated currents 
and worm avoidance behavior mediated by GLR-1 AMPARs.  
(A) The delay in the response to hyperosmotic stimuli in wild-type, 
glr-1(ky176), sol-2(ak205), sol-1(ak63) and sol-1(ak63); 
sol-2(ak205). n=10. *significantly different from wild-type, p<0.01. 
(B) Percentage of positive nose touch responses in wild-type, 
glr-1(ky176), sol-2(ak205); sol-1(ak63); and sol-1(ak63); 
sol-2(ak205). n=10. *significantly different from wild-type, p<0.01. 
(C and D) Currents measured in response to 1mM glutamate or 
100uM kainate in the AVA interneurons of wild-type worms, 
sol-2(ak205) mutants, and sol-2(ak205) mutants expressing 
Prig-3::SOL-2::GFP.
3. 2    The Disruption of sol-2 Impairs Glutamate-gated Currents and 
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We used confocal microscopy to determine the cellular and subcellular distribution 
of SOL-2. The sol-2 promoter drives expression of green fluorescent protein (GFP) in 
many head and tail neurons (Figure 3.3A). These neurons also express the GLR-1 subunit, 
as well as the SOL-1 protein (Figure.3.3A). In particular, the command interneurons 
(indicated by Pnmr-1::mCherry), which are critical for the control of locomotion, express 
both GLR-1 and SOL-2 (Figure.3.3A). To determine the subcellular localization of SOL-2, 
we imaged transgenic worms that expressed a functional full-length SOL-2::GFP that was 
coexpressed with GLR-1::mCherry in the AVA command interneuron. We found that 
SOL-2 co-localized with GLR-1, suggesting that SOL-2 might associate with GLR-1, 
either directly or indirectly (Figure 3.3B). To test whether SOL-2 could associate with 
components of the GLR-1 receptor complex, we used BiFC (Bimolecular Fluorescence 
Complementation) (Shyu et al. 2008). We tagged SOL-2 with the C-terminal half of the 
fluorescent protein Venus (VC155) and GLR-1 with the N-terminal half of Venus (VN173) 
and expressed these constructs in AVA. We observed punctate fluorescence along the 
length of the AVA processes when both constructs were co-expressed, but no fluorescence 
when either construct alone was expressed (Figure 3.3C). Similar results were observed 
when we co-expressed SOL-2 and SOL-1 BiFC constructs in AVA (Figure 3.3D). 
Furthermore, the SOL-1 and SOL-2 BiFC signal co-localized with GLR-1::mCherry 
(Figure 3.3D). These results indicate that SOL-2 is in close proximity to SOL-1 and GLR-1. 
To address whether SOL-1 and SOL-2 specifically associate with GLR-1 receptors, we 
co-expressed in AVA the SOL-2 and SOL-1 BiFC constructs along with either 
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Figure 3.3 SOL-2 co-localizes with SOL-1 and GLR-1. 
(A) Confocal images of transgenic worms that expressed 
Psol-2::GFP and Pglr-1::mCherry, or Pnmr-1::mCherry, or 
Psol-1::mCherry. Head and tail regions only. 
(B) Confocal images of the ventral processes in a transgenic worm 
that expressed functional SOL-2::GFP and GLR-1::mCherry both 
under the regulation of rig-3 promoter. Arrow heads indicate puncta 
thought to represent postsynaptic sites. 
(C) (Top) Confocal images of transgenic worms that co-expressed 
GLR-1::mCherry with VN173::SOL-1, or VC155::SOL-2, or both. 
(Bottom) Confocal images of transgenic worms that expressed 
NMR-2::mCherry and VN173::SOL-1+VC155::SOL-2, or 
Prig-3::mCherry and GLR-1::VN173+VC155::SOL-2, or 
Prig-3::mCherry and GLR-1::VN173. 
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GLR-1::mCherry or NMR-2::mCherry. We observed co-localization of BiFC puncta with 
GLR-1, but not NMR-2 (Figure 3.3D). These data suggest that SOL-1 and SOL-2 might 
physically interact and form a complex with GLR-1.  
We next asked whether SOL-2 contributed to glutamate-gated currents in 
reconstitution experiments. We recorded glutamate-gated currents from Xenopus oocytes 
that expressed combinations of C. elegans GLR-1, sSOL-1, STG-1 and SOL-2. We did not 
record appreciable glutamate-gated currents from oocytes that expressed GLR-1, STG-1 
and sSOL-1 or GLR-1, STG-1 and SOL-2 (Figure 3.4A). However, we found that 
co-expression of sSOL-1 and SOL-2 with STG-1 and GLR-1was sufficient to reconstitute 
glutamate-gated currents (Figure 3.4A). We found similar dependence on SOL-2 when 
recording glutamate-gated current in AVA of transgenic sol-1 mutants or sol-1; sol-2
double mutants where sSOL-1 was expressed in muscles cells and thus supplied in trans
(Figure 3.4C); or when reconstituting GLR-1 receptor function in transgenic muscle cells 
(Figure 3.4B).  
Our reconstitution experiments also allowed us to address whether SOL-1 has an 
obligate role in trafficking of GLR-1 or its auxiliary proteins. We found that sSOL-1 can be 
supplied in trans and still rescue glutamate gated currents. Thus, we can reconstitute 
functional receptors in muscles of transgenic worms when the muscle cells express GLR-1, 
STG-1 and SOL-2 and the neurons express sSOL-1 (Figure 3.4B). We found the same 
result in the converse experiment, when the neurons express GLR-1, STG-1 and SOL-2 
and the muscles express sSOL-1 (Figure 3.4C). These experiments suggest that muscle 
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Figure 3.4 In trans delivery of soluble SOL-1 restores function in 
sol-1 mutants in a SOL-2 dependent manner. 
(A) Currents measured in response to 1mM glutamate application 
in Xenopus oocytes that co-expressed GLR-1 and STG-1 with 
SOL-2, or sSOL-1, or both. 
(B) Glutamate-gated currents recorded from worm muscles that 
co-expressed GLR-1 and STG-1 with SOL-1, or sSOL-1, or 
sSOL-1+SOL-2. 
(C) Current response to 1mM glutamate application in the AVA 
interneurons of wild-type, sol-1(ak63), transgenic sol-1(ak63) that 
expressed sSOL-1 from muscle (Pmyo-3::GFP::sSOL-1), and 
transgenic sol-1(ak63); sol-2(ak205) that also expressed 
Pmyo-3::GFP::sSOL-1. 
(D) Confocal images of GFP expression in the ventral cord in 
transgenic sol-1(ak63) mutants and sol-1(ak63); sol-2(ak205)
double mutants that both expressed Pmyo-3::GFP::sSOL-1. Arrow 
heads indicate puncta thought to represent postsynaptic sites. 
(E) Glutamate-gated currents measured in the AVA neurons of 
wild-type, sol-1(ak63); sol-2(ak205), sol-1(ak63); sol-2(ak205) that 
co-expressed VN173-tagged sSOL-1 secreted from muscle 
(Pmyo-3::VN173::sSOL-1) and neuronal VC155-tagged 
SOL-2(Prig-3::VC155::SOL-2).  
3. 4    In trans Delivery of Soluble SOL-1 Restores Function in sol-1
Mutants in a SOL-2 Dependent Manner 
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secreted sSOL-1 diffuses in the extracellular space and binds to neuronal SOL-2 to 
reconstitute GLR-1 receptor function. We directly tested this model by examining the 
fluorescence signal from transgenic sol-1 mutants that secreted sSOL-1 from muscles. 
Punctate fluorescence was observed along the ventral cord in sol-1 mutants, but was 
eliminated in sol-1; sol-2 double mutants (Figure 3.4D). We also showed that sSOL-1 and 
SOL-2 BiFC fusion proteins are functional by recording glutamate-gated current in AVA 
from transgenic sol-1; sol-2 mutants (Figure 3.4E). 
Overexpression of SOL-1, STG-1, and GLR-1 in heterologous cells is sufficient to 
reconstitute receptor function (Walker et al. 2006; Wang et al. 2008). However, no current 
is apparent in cells that overexpress SOL-2, STG-1, and GLR-1 (Figure 3.4). We have also 
shown that sSOL-1 function is dependent on SOL-2. These results imply that SOL-2 has an 
essential scaffolding role that stabilizes SOL-1 association with the GLR-1 receptor 
complex. We tested this model, by overexpressing SOL-1 in sol-2 mutants, and 
overexpressing SOL-2 in sol-1 mutants. We found current rescue in AVA neurons of sol-2
mutants that overexpressed SOL-1, but did not find current rescue when SOL-2 was 
overexpressed in sol-1 mutants (Figure 3.5A). These results indicate that SOL-2 has a 
major scaffolding role that organizes the AMPAR signaling complex. A similar result was 
observed in lurcher worms where overexpression of SOL-1 in transgenic lurcher; sol-2
mutants was sufficient to restore the hyperreversal phenotype, but overexpressing SOL-2 
in transgenic lurcher; sol-1 mutants was not (Figure 3.5B).
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Figure 3.5 Overexpression of SOL-1 rescues glutamate-gated 
currents and behavior in sol-2 mutants but overexpression of SOL-2 
does not rescue currents or behavior in sol-1 mutants. 
(A) Currents measured in response to 1mM glutamate in the AVA 
interneurons of wild-type, sol-2(ak205), sol-1(ak63), sol-2(ak205)
that over-expressed SOL-1 under the regulation of rig-3 promoter, 
and sol-1(ak63) that over-expressed SOL-2 under the same rig-3
promoter. 
(B) Average duration of forward and backward movements for 
sol-1(ak63); lurcher, sol-2(ak205); lurcher, sol-2(ak205); lurcher
that over-expressed genomic SOL-1, and sol-1(ak63); lurcher that 
over-expressed genomic SOL-2. n=10. *significantly different, 
p<0.01. 
3. 5    Overexpression of SOL-1 Rescues Glutamate-gated Currents and Behavior in 
sol-2 Mutants but Overexpression of SOL-2 Does Not Rescue Glutamate-gated 















-.; . ;. 
50/-2 mutant 
+ SOL-1 (OE) 
50/-1 mutant 
+ SOL-2 (OE) 
Forward 0 Backward 
84 
Discussion 
We identified SOL-2 as a novel auxiliary subunit for GLR-1 AMPARs in C. 
elegans from a genetic screen for suppressors that disrupted normal function of 
GLR-1and sSOL-1. We showed that in sol-2 mutants endogenous GLR-1 mediated 
glutamate-gated currents and behavior are impaired, indicative of SOL-2’s contribution to 
GLR-1 function. We also showed that sSOL-1 functions in a SOL-2 dependent manner. 
In addition, we provided evidence for direct physical interactions between SOL-2 and 
SOL-1 or GLR-1, and we further demonstrated that the SOL-1/SOL-2 complex 
co-localizes with GLR-1, strongly suggestive of the presence of GLR-1 receptor 
signaling complexes that comprise at least GLR-1, SOL-1 and SOL-2. Finally, we 
showed that in the presence of GLR-1 and the STG-1 TARP protein, SOL-2, unlike 
SOL-1, is not sufficient to reconstitute GLR-1 currents, indicating that it does not have a 
major role in modulating GLR-1 channel properties. Altogether, these results strongly 
suggest that SOL-2 plays a structural role in recruiting and/or stabilizing SOL-1 and 
forming functional GLR-1 signaling complexes. 
Based on these results we propose a model in which SOL-2 functions as a 
scaffold that binds to the ectodomain of SOL-1 and stabilizes the association between 
SOL-1 and GLR-1. In the absence of SOL-2, only a small portion of surface SOL-1 
retains association with GLR-1 receptors, greatly diminishing the number of functional 
signaling complexes. Thus, SOL-2 regulates GLR-1 function by controlling the number 
of functional iGluRs. In this model, overexpressing SOL-1 overcomes the need for the 
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stabilizing function of SOL-2. This also implies that the transmembrane domain of 
SOL-1 maintains weak interactions with GLR-1, even in the absence of SOL-2.  
SOL-1 is a four CUB domain containing protein. SOL-2, like its vertebrate 
homologues Neto1 and Neto2, has two predicted CUB domains and one LDLa domain. 
CUB domains are known to mediate various protein-protein interactions (Bork et al. 
1993). LDLa domain is also likely to be involved in protein-protein interactions. Our 
model suggests a mechanism for the formation of functional receptor signaling 
complexes that relies on extracellular protein-protein interactions. This mechanism is 
likely to be evolutionarily conserved. LEV-10, a C. elegans CUB/LDLa protein that 
resembles SOL-2, has been shown to be required for clustering of acetylcholine receptors 
at the neuromuscular junction by forming extracellular protein-protein scaffolds (Gally et 
al. 2004; Gendrel et al. 2009). In addition, Neto1 has been shown to be required for 
maintaining the abundance of NMDARs in postsynaptic density (Ng et al. 2009), 
presumably through the same mechanism. Thus, CUB domain proteins are likely 
important for signaling via both glutamate and acetylcholine and represent a relatively new 
class of proteins that regulate signaling at synapses. 
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Excitatory neurotransmission in the vertebrate CNS is mostly dependent on 
ionotropic glutamate receptor (iGluR) subunits that form tetrameric glutamate-gated ion 
channels. The first iGluR subunit was cloned by reconstituting glutamate-gated current in 
Xenopus oocytes that express the cDNA of GluR1 (GluA1) (Hollmann et al. 1989). Until 
recently, it was widely accepted that iGluR subunits assembled as tetramers and 
functioned as “stand-alone” ion channels requiring no additional subunits. However, a 
decade ago the stargazin/2 protein, the founding member of the transmembrane AMPAR 
regulatory protein (TARP) family, was identified as a necessary component of AMPA 
receptors. Stargazin was shown to function as an obligate chaperon for AMPARs in 
stargazer mice that have ataxia and absence epilepsy (Chen et al. 2000).  
Identifying genes using classical genetic screens in higher animals, such as mice 
can be a daunting task due to the existence of multiple functionally redundant gene 
homologues. On the contrary, the simple nematode C. elegans is a great model for such 
identification and studies. In particular, the availability of powerful genetic resources and 
the well-characterized locomotory behavior in C. elegans make it possible and relatively 
easy to identify specific gene products that play roles in regulating locomotion and thus 
AMPAR function.  
In C. elegans, locomotion is controlled, in part, by the GLR-1 AMPAR. 
Wild-type worms exhibit a stereotypical locomotory pattern with long periods traveling 
forward interrupted by short-term backward movements. However, in transgenic worms 
that express a variant of the GLR-1 subunit, GLR-1(A687T), the locomotory pattern is 
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dramatically changed such that the worms rapidly switch between forward and backward 
movement (Zheng et al. 1999). GLR-1(A687T) contains the alanine (A) to theronine (T) 
mutation in the highly conserved SYTANLAAF amino acid motif of TM III (Figure 1.4). 
This mutation was first identified in the 2 iGluR subunit of the lurcher mouse (Zuo et al. 
1997) and transgenic worms that express GLR-1(A687T) are also called “lurchers”. In a 
genetic screen for mutations that modified the lurcher phenotype such that they moved 
normally, Zheng et al. isolated SOL-1, a GLR-1 auxiliary subunit necessary, but not 
sufficient, for GLR-1 function (Zheng et al. 1999). In Chapter 2 and 3, I further exploited 
the use of lurchers to look for additional auxiliary subunits for GLR-1. From specially 
designed genetic screens, I identified two TARPs and a CUB-domain protein SOL-2, 
which also function as novel auxiliary subunits for GLR-1 AMPARs. 
stg-1 and stg-2 Both Encode TARPs that Modulate 
GLR-1 AMPAR Kinetics and Regulate 
GLR-1 Mediated Behavior 
Previous experiments established that reconstitution of GLR-1 function in 
heterologous systems requires GLR-1, SOL-1 and STG-1. STG-1 encodes a C. elegans
TARP that is co-expressed with GLR-1 in the nervous system (Walker et al. 2006). To 
investigate the in vivo function of STG-1, stg-1 deletion alleles were generated. However, 
the stg-1 mutants, unlike the sol-1 mutants, did not significantly suppress the 
hyper-reversal behavior of transgenic worms that expressed GLR-1(A687T). Furthermore, 
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glutamate-gated currents were normal in stg-1 mutants, strongly suggesting that the worm 
genome encodes additional TARPs that function redundantly with stg-1. Candidate gene 
products were tested for synergistic functions with STG-1, but none of them 
demonstrated involvement in GLR-1 mediated currents or behavior. Considering this, I 
resorted to a genetic screen. Using transgenic stg-1 mutant worms that expressed 
GLR-1(A687T) and also overexpressed the SOL-1 protein, I screened for synthetic 
mutations that reduced the hyper-reversal phenotype and isolated stg-2 mutants, which 
also encodes a TARP. In stg-1; stg-2 double mutants, as in sol-1 mutants, the 
glutamate-gated current was eliminated, and GLR-1 mediated behaviors such as nose 
touch and osmotic avoidance, were disrupted as well. 
I mapped and cloned the stg-2 gene which was predicted to encode a 279 amino 
acid (aa) protein with no significant homology to known proteins (wormbase.org). 
Further analysis of the stg-2 coding sequence indicated that it did, in fact, encode a 357 
aa TARP homologue. Like STG-1, co-expressing STG-2 with GLR-1 and SOL-1 was 
sufficient to reconstitute glutamate-gated currents in heterologous cells. These data define 
STG-1 and STG-2 as the essential group of TARPs that are required for GLR-1 AMPAR 
function. 
The founding member of the TARP family - stargazin was initially found to be 
required for AMPAR trafficking and surface expression (Chen et al. 2000). To address the 
possibility that STG-1 and STG-2 have similar roles, I examined the expression levels of 
surface GLR-1 receptors in wild-type worms, stg-1 or stg-2 single mutants, and stg-1; 
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stg-2 double mutants and found no significant difference. This result indicated that 
GLR-1 surface expression is independent of STG-1 and STG-2, highlighting a functional 
difference between vertebrate TARPs and their worm homologues. 
Behaviorally, stg-2 mutants mostly resembled stg-1 mutants, showing no 
significant defects. Unlike stg-1 mutants, however, stg-2 mutants were defective in nose 
touch avoidance responses. Whereas, the stg-1; stg-2 double mutants were defective in 
both nose touch and osmotic avoidance responses. This implies that STG-1 and STG-2 
could have distinct expression pattern or have differential functions. To address this, first, 
I performed confocal microscopic imaging to show the cellular expression of STG-1 and 
STG-2. In large they have an overlapping expression pattern, but are differentially 
expressed in some neurons. Notably, STG-2, but not STG-1, is expressed in the AVA 
neuron, one of the command interneurons that express GLR-1 and regulate worm 
avoidance responses. Furthermore, we examined glutamate-gated currents in stg-2
mutants and compared these to current measured in stg-1 and glr-1 mutants. Although 
either STG-1 or STG-2 along with SOL-1 and GLR-1 is sufficient to reconstitute 
glutamate-gated currents in heterologous cells, our rapid perfusion electrophysiological 
experiments demonstrated that STG-1 and STG-2 differentially modify the kinetics of 
GLR-1 AMPARs. In detail, STG-1 gives incompletely desensitized glutamate-gated 
currents, whereas in the presence of STG-2, receptors completely and rapidly desensitize. 
When both STG-1 and STG-2 are co-expressed with GLR-1 and SOL-1, the peak 
glutamate-gated current is 10-fold bigger than when co-expression of either STG-1 or 
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STG-2 alone. Taken together, these data suggest that STG-1 and STG-2 function to fine 
tune GLR-1 mediated glutamate-gated current to regulate specific worm behaviors.  
Both STG-1 and STG-2 have low sequence identity with vertebrate TARPs. To 
address whether the function of these proteins is evolutionarily conserved, we 
co-expressed either STG-1 or STG-2, or both STG-1 and STG-2 with vertebrate GluR1 
(GluA1) in heterologous cells and recorded glutamate-gated currents. We found that 
either STG-1 or STG-2 is competent to promote GluR1 mediated currents whereas the 
surface expression of GluR1 is independent of either one.  
Together, the comprehensive genetic and electrophysiological studies point to a 
fundamental evolutionarily conserved role for TARPs in regulating AMPAR function and 
behavior. 
sol-2 Encodes a CUB-domain Protein that Organizes 
and Stabilizes GLR-1 Receptor 
Signaling Complex 
Previously, we had shown that a soluble version of SOL-1 that lacked the 
transmembrane domain (sSOL-1) was functional and sufficient for GLR-1 mediated 
behavior and current in the presence of at least one STG protein. However, co-expressing 
GLR-1, STG-1 and sSOL-1 was not sufficient to reconstitute glutamate-gated current in 
Xenopus oocytes. These results lead to the hypothesis that a yet to be identified protein is 
co-expressed in the nervous system with SOL-1 and this proteins is necessary for sSOL-1 
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to function.  
Since sSOL-1 also restores the function of the GLR-1(A687T) lurcher receptor 
in sol-1 mutants, I used transgenic sol-1 mutants that expressed GLR-1(A687T) and 
sSOL-1 in a genetic suppressor screen. These worms show the same hyper-reversal 
phenotype of lurcher worms. I mutagenized these worms and identified mutants with a 
reduced reversal frequency. I cloned the mutated gene, which we called sol-2, and 
showed that it encoded a type I transmembrane protein that is homologous to the 
vertebrate CUB-domain proteins Neto1 and Neto2. Interestingly, Neto1 and Neto2 were 
reported to be auxiliary proteins for NMDARs and kainate receptors, respectively. Given 
that SOL-1, an obligate auxiliary subunit for GLR-1, is also a CUB-domain protein but 
with different domain arrangement, it is possible that CUB-domain proteins evolved to 
both conserved and divergent functional roles.  
To further characterize sol-2 mutants, we examined endogenous GLR-1 mediated 
behavior and showed that sol-2 mutants were defective in osmotic avoidance behavior. 
Nose touch avoidance behavior was only slightly impaired. Furthermore, the 
glutamate-gated current in sol-2 mutants was significantly decreased compared to 
wild-type. Together, these data suggest that SOL-2 is required for endogenous GLR-1 
function. The observation that sSOL-1 only functions in the presence of SOL-2 suggests 
the possibility that SOL-2 may stabilize SOL-1 at the synapse. 
To address the possibility that SOL-2 interacts directly with SOL-1 and GLR-1, 
we examined the cellular and subcellular expression pattern of SOL-2. We found that 
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SOL-2 is co-expressed with SOL-1 and GLR-1 in many neurons, especially in a subset of 
command interneurons that mediate locomotion and specific avoidance responses. When 
expressed in the command interneuron AVA, SOL-2 co-localizes with GLR-1 along the 
length of the AVA processes where synapses form. In addition, our BiFC experiments 
showed that SOL-2 directly interacts with SOL-1 as well as GLR-1. In particular, we 
showed that the SOL-1/SOL-2 BiFC signal co-localizes with GLR-1, but not NMR-2, 
suggesting that SOL-2 specifically forms complexes with AMPARs and not NMDARs. 
To further test the model that SOL-2 binds to SOL-1 and is required for GLR-1 
signaling, we co-expressed GLR-1, STG-1 and sSOL-1 either with or without SOL-2 in 
both Xenopus oocytes and transgenic C. elegans muscle cells and recorded 
glutamate-gated currents. We observed significant increases in glutamate-gated currents 
when SOL-2 was also expressed, indicating that SOL-2 is required for sSOL-1 function. 
Additionally, we also demonstrated that sSOL-1 tagged with GFP and expressed in 
muscle cells of transgenic worms rescued glutamate-gated GLR-1 currents in the AVA 
neuron. The sSOL-1::GFP from muscle also exhibited a punctate expression pattern in 
AVA of transgenic sol-1 mutants, but not in transgenic sol-1; sol-2 double mutants 
providing further evidence that SOL-2 is necessary for sSOL-1 function in the receptor 
complex. 
Finally, to test if SOL-2 is sufficient to reconstitute GLR-1 function in 
heterologous cells, we overexpressed SOL-2, STG-1 and GLR-1 in Xenopus oocytes. 
Unlike SOL-1, overexpression of SOL-2 is not sufficient to generate appreciable 
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glutamate-gated currents. We further showed that overexpressing SOL-1 in transgenic 
sol-2 mutants was able to restore glutamate-gated currents, but overexpressing SOL-2 in 
transgenic sol-1 mutants was not. All these data indicate that SOL-2 functions as a 
scaffold and stabilizes SOL-1 association with the GLR-1 receptor complex. 
Glutamate Receptor Complex 
The identification of the TARPs, STG-1 and STG-2, and the CUB-domain 
proteins, SOL-1 and SOL-2, in C. elegans allowed us to describe a model of the 
glutamate receptor complex formed by the physically interacting GLR-1 and its auxiliary 
proteins (Figure 4.1). In this model, GLR-1 iGluR subunits form glutamate-gated ion 
channels; SOL-1 and STG proteins alter the channel properties of the receptor, including 
gating speed and desensitization rate; whereas SOL-2 has a scaffolding role that stabilizes 
the association between SOL-1 and GLR-1 complex. 
Structurally, all auxiliary subunits may interact with the receptor directly or 
indirectly. We have shown that SOL-1 and GLR-1 can be co-immunoprecipitated (Zheng 
et al. 2004); and SOL-2 interacts with both GLR-1 and SOL-1 in close proximity 
(Chapter 3). We also showed co-localized synaptic expression of GLR-1with SOL-1 
(Zheng et al. 2004), STG-1 (Wang et al. 2008) and SOL-2 (Chapter 3) along neuronal 
processes at synapses. This is not a complete list of interactions between these 
transmembrane proteins, but provides solid evidence that auxiliary proteins and receptors 
form a functional complex. However, the interaction interfaces remain unclear. It is 
98 
Figure 4.1 A model for GLR-1 glutamate receptor complex. GLR-1 
subunits form tetrameric glutamate-gated ion channels. 
Tetraspanning TARPs, STG-1 and STG-2, and type I 
transmembrane CUB-domain protein SOL-1 modulate channel 
properties. Another CUB-domain protein SOL-2 mediates SOL-1 
association with the GLR-1 receptor complex. 
4. 1    A Model for GLR-1 Glutamate Receptor Complex 
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necessary to determine the atomic structure of the complex to reveal the precise 
mechanism of the interactions between components of the complex. 
We have demonstrated specific functional roles that each auxiliary subunit plays 
in regulating GLR-1 receptor function. SOL-1 and STG proteins differentially modulate 
the kinetics of GLR-1 receptors (Walker et al. 2006; Zheng et al. 2006; Wang et al. 2008). 
These functional differences suggest that the interactions between receptor and each one 
of the auxiliary subunits have unique mechanisms. Above all, GLR-1, SOL-1 and at least 
one of the STGs are sufficient to reconstitute GLR-1 function in heterologous cells 
indicating the functional dependence of receptors upon SOL-1 and the STGs (Walker et 
al. 2006). SOL-2, however, appears not to be involved in regulating the channel 
properties. Presumably, by interacting with the ectodomain of SOL-1, SOL-2 stabilizes 
the interaction between SOL-1 and GLR-1, thereby controls the number of functional 
receptor complexes. 
One factor that would allow us to better understand the composition of the 
receptor complex would be to determine the stoichiometry between GLR-1 and its 
auxiliary subunits. In vertebrate, TARPs are found to be associated with AMPARs at 
variable stoichiometry (4/2/0) (Shi et al. 2009). However, limited by reagents and 
techniques available in C. elegans, this has not been studied for GLR-1 and its auxiliary 
subunits. 
On the other hand, this model only provides a static view of surface GLR-1 
receptor complex. It will be intriguing to investigate the upstream processes, such as the 
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assembly and intracellular trafficking of receptor complexes. Vertebrate AMPARs are 
likely assembled with TARPs at ER and trafficked together (Vandenberghe et al. 2005). C. 
elegans TARPs, however, do not have this chaperon function and the molecular 
machinery required for GLR-1 assembly and transport remains elusive. 
The dynamic regulation of surface AMPARs that underlies synaptic plasticity is 
attracting intensive studies world-wide. Profound studies in the involvement of auxiliary 
proteins in the dynamics of surface GLR-1 turn-over will further our understanding in the 
regulatory mechanism of synaptic strength. 
Concluding Remarks 
A fundamental question in neuroscience is how a functional synapse is built, 
maintained and regulated. Only recently have we been able to identify auxiliary subunits 
for ionotropic glutamate receptors that mediate the majority of excitatory synaptic 
transmission in our body. My studies described in this dissertation identified proteins 
belonging to two families of auxiliary subunits that are essential for the AMPA-class of 
glutamate receptors. These discoveries provided insight into the molecular mechanisms 
that regulate AMPAR function and mediate specific behaviors. Further analysis toward 
these evolutionarily conserved proteins will extend our understanding of how auxiliary 
proteins contribute to the assembly, localization and turn-over of the receptor signaling 
complex, the modulation of receptor conformational changes and channel properties, and 
the interaction with other synaptic proteins. 
101 
References 
Chen, L., D. M. Chetkovich, R. S. Petralia, N. T. Sweeney, Y. Kawasaki, R. J. Wenthold, 
D. S. Bredt and R. A. Nicoll (2000). "Stargazin regulates synaptic targeting of 
AMPA receptors by two distinct mechanisms." Nature 408(6815): 936-943. 
Hollmann, M., A. O'Shea-Greenfield, S. W. Rogers and S. Heinemann (1989). "Cloning 
by functional expression of a member of the glutamate receptor family." Nature 
342(6250): 643-648. 
Shi, Y., W. Lu, A. D. Milstein and R. A. Nicoll (2009). "The stoichiometry of AMPA 
receptors and TARPs varies by neuronal cell type." Neuron 62(5): 633-640. 
Vandenberghe, W., R. A. Nicoll and D. S. Bredt (2005). "Interaction with the unfolded 
protein response reveals a role for stargazin in biosynthetic AMPA receptor 
transport." J Neurosci 25(5): 1095-1102. 
Walker, C. S., P. J. Brockie, D. M. Madsen, M. M. Francis, Y. Zheng, S. Koduri, J. E. 
Mellem, N. Strutz-Seebohm and A. V. Maricq (2006). "Reconstitution of 
invertebrate glutamate receptor function depends on stargazin-like proteins." Proc 
Natl Acad Sci U S A 103(28): 10781-10786. 
Walker, C. S., M. M. Francis, P. J. Brockie, D. M. Madsen, Y. Zheng and A. V. Maricq 
(2006). "Conserved SOL-1 proteins regulate ionotropic glutamate receptor 
desensitization." Proc Natl Acad Sci U S A 103(28): 10787-10792. 
Wang, R., C. S. Walker, P. J. Brockie, M. M. Francis, J. E. Mellem, D. M. Madsen and A. 
V. Maricq (2008). "Evolutionary conserved role for TARPs in the gating of 
glutamate receptors and tuning of synaptic function." Neuron 59(6): 997-1008. 
Zheng, Y., P. J. Brockie, J. E. Mellem, D. M. Madsen and A. V. Maricq (1999). "Neuronal 
control of locomotion in C. elegans is modified by a dominant mutation in the 
GLR-1 ionotropic glutamate receptor." Neuron 24(2): 347-361. 
Zheng, Y., P. J. Brockie, J. E. Mellem, D. M. Madsen, C. S. Walker, M. M. Francis and A. 
V. Maricq (2006). "SOL-1 is an auxiliary subunit that modulates the gating of 
GLR-1 glutamate receptors in Caenorhabditis elegans." Proc Natl Acad Sci U S A 
103(4): 1100-1105. 
Zheng, Y., J. E. Mellem, P. J. Brockie, D. M. Madsen and A. V. Maricq (2004). "SOL-1 is 
a CUB-domain protein required for GLR-1 glutamate receptor function in C. 
102 
elegans." Nature 427(6973): 451-457. 
Zuo, J., P. L. De Jager, K. A. Takahashi, W. Jiang, D. J. Linden and N. Heintz (1997). 
"Neurodegeneration in Lurcher mice caused by mutation in delta2 glutamate 
receptor gene." Nature 388(6644): 769-773. 
